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ABSTRACT
The Anadarko Basin, located in the foreland of the Wichita Mountains in
Oklahoma, is one of the deepest and most prolific hydrocarbon basins in North America
and contains approximately 3-4 km of Pennsylvanian strata within its deepest regions.
Consisting primarily of marine and non-marine shale and sandstone, these strata present
multiple major hydrocarbon reservoirs in the Anadarko Basin. The upper Pennsylvanian
(Missourian) Hoxbar Group sandstone is a thick sedimentary unit composed of
alternating sequences of black shale, argillaceous sandstone, shaly interbedded sandstone,
and occasional limestone thought to be deposited in a tide-dominated deltaic
environment. Over 160 m (552 ft) of cored materials taken from two wells drilled in
northwest Caddo County, Oklahoma allowed for a multi-analytical investigation into the
diagenetic nature of this sandstone. The multifaceted approach utilizes: (1) polarized light
microscopy, (2) QEMSCAN®, (3) XRD analyses of both whole-rock and clay (<2 µm)
fractions, (4) SEM-EDS investigations of pore-filling mineral constituents, and (5) ICPMS whole-rock geochemistry.
Investigations revealed detrital illite, Fe-rich chlorite, and several generations of
authigenic mixed-layered illite-smectite (I-S) and mixed-layered chlorite-smectite (C-S)
as dominant pore-filling clay phases. Albitization of detrital K-feldspar is common, and
minor occurrences of authigenic kaolinite fill remnant detrital K-feldspar grains as well
as intergranular pore space. Additionally, sandstone of the Missourian Hoxbar Group was
pervasively cemented by calcite and siderite, likely attributed to the abundant bioclasts
and prolonged residence time of the sediments under certain geochemical conditions.
Thus, it was deduced that eogenetic alterations in the Hoxbar sandstone include: (i)
precipitation of smectitic precursor minerals, (ii) dissolution of feldspars and kaolinite,
(iii) illitization, chloritization, and albitization, and (iv) cementation by calcite.
Mesogenetic alterations that are encountered in the Hoxbar sandstone include: (i)
continued illitization and chloritization of mixed-layered clays, mud intraclasts, and mica;
(ii) albitization of feldspars; (iii) cementation by calcite; and (iv) quartz overgrowths.
It was found that early diagenetic processes leading to an increase in porosity
through the creation of secondary porosity by the dissolution of detrital grains (primarily
iv
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feldspars) or cement (carbonate) has been all but destroyed by later diagenetic events
including the pervasive formation of mixed-layered clay minerals and quartz
cementation. A conceptual model was constructed, illustrating the distribution of
diagenetic alterations in Missourian Hoxbar Group sandstone, and estimation of the
maximum burial temperature within this region of the Anadarko Basin was determined to
be 100-120°C at a depth of ~4.0 to 4.5 km. Overall, the findings provide new insights and
ideas at both regional and reservoir scale that will assist the future exploration and
development of hydrocarbons in these reservoirs.
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CHAPTER I
INTRODUCTION AND AIM OF STUDY
The present-day geologic framework of Oklahoma and the entire southern
midcontinent region is directly related to Pennsylvanian paleotectonic development
(Figure 1.1). Source-area variability and numerous marine transgressions and regressions
have resulted in complex mineralogical assemblages and depositional cycles throughout
the Anadarko Basin (Moore, 1979). This cyclicity has commonly resulted in deposition
of one or more reservoir-quality sandstone and carbonate units as well as mature source
rocks (Figure 1.2).
In 2010, the U.S. Geological Survey (USGS) assessed the undiscovered oil and
gas resources of the greater Anadarko Basin Province of northern Texas, western
Oklahoma and Kansas, and southeastern Colorado (Figure 1.3). They assessed the total
petroleum system (TPS) based on geologic elements, including the hydrocarbon source
rock, the distribution and quality of the reservoir rock, and types and distribution of
reservoir traps and seals (Higley et al., 2014). In their investigation, the USGS defined
the Pennsylvanian Composite TPS to represent source rocks that primarily contribute to
Pennsylvanian and Permian reservoirs (Figure 1.3). It was determined that within
conventional Pennsylvanian reservoirs, a mean estimate of 60 million barrels of oil
(MMBO), 1.5 trillion cubic feet of natural gas (TCFG), and 49 million barrels of natural
gas liquids (MMBNGL) remain undiscovered and technically recoverable. Of these
estimates, 23 MMBO, 258 BCFG, and 8 MMBNGL are contained within Upper
Pennsylvanian, Missourian (Kasimovian) reservoirs, which includes sandstone intervals
of the Hoxbar Group (Higley et al., 2014; Figure 1.2).
The present work focuses on the Missourian Hoxbar Group within the deeper
portion of the Anadarko Basin beneath northwest Caddo County, Oklahoma (Figures 1.1
and 1.2). A critical, multi-analytical approach was performed on cored sections from two
wells, Firefly 13-2H and Mockingbird 28-1HR, donated to Texas Tech University by
Forestar Oil & Gas, LLC. Reservoir quality is often difficult to predict because it depends
on both the initial depositional conditions and the diagenetic history of the sedimentary
1
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formation (Morad et al., 2000). Therefore, it is the goal of this study to improve
understanding of the geological evolution of the Missourian Hoxbar Group sandstones by
investigating reservoir properties, petrology, geochemistry, and clay mineralogy, with
particular interest paid to the diagenetic evolution of pore-filling phases. This
investigation will lead to better understanding of compositional variations in these
sandstone units and can aid future paleogeographic reconstruction and stratigraphic
correlation, especially where nomenclature is inconsistent. These studies will help expand
knowledge of Missourian sedimentation and thermal burial history in this region of the
southern midcontinent where such concepts have not been rigorously applied. This
information is highly valuable considering the significant oil and gas potential of
Missourian strata in Oklahoma. However, considering the limited range of available
materials, this study is intended to establish a methodology that can be applied to future
de-risking of conventional reservoirs, therefore optimizing company time and production,
and ultimately cash flow. As more Missourian sandstones are analyzed from adjacent
locations, confidence in certain regions of this play may spread throughout the Anadarko
Basin as knowledge of the effects of pore-filling clay mineral diagenesis is expanded
upon.

2
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a)

b)

Figure 1.1 (a) Map of the American western and midwestern states; Oklahoma outlined in red. (b) Major Geologic provinces
of Oklahoma (modified from Northcutt and Campbell, 1995). The provinces primarily resulted from tectonic uplift and
downwarping of the Earth’s crust during the Pennsylvanian Period. The majority of Caddo County lies within the deepest part
of the Anadarko Basin (outlined in black). The location of the study area within Caddo County is represented by the yellow
oval. Location of cross section A-A’ is denoted as the red line, which transects the Wichita uplift, Anadarko Basin (including
Caddo County), Cherokee Platform, and the Ozark uplift (see Figure 1.4).

3
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Figure 1.2 Approximate equivalency of global subdivisions to regional stage
subdivisions in North America (specifically midcontinent United States) (modified from
Heckel and Clayton, 2006). The position of the Moscovian-Kasimovian boundary
(dashed line) based upon recent work (Villa, 2008). Missourian Hoxbar (focus of study)
highlighted in red (modified from LoCricchio, 2014)

Figure 1.3 Map showing boundaries of the Anadarko Basin Province (red line) and the
Pennsylvanian Composite TPS (blue line) (modified from Higley et al., 2014).

4
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CHAPTER II
REGIONAL AND GEOLOGICAL SETTINGS
2.1 Geographical Setting
The Anadarko Basin Province encompasses the western one-half of Oklahoma, as
well as parts of Kansas, Texas, and Colorado, between 34-39°N and 97-104°W. It
extends roughly 580 km (360 miles) northeast to southwest and covers approximately
181,000 km2 (70,000 mi2) (Figure 1.3).
Caddo County, Oklahoma is located immediately west of the seven-county
Greater Oklahoma City metro area and spans a total area of 3,342 km2 (1,290 mi2). The
majority of the county lies in the basin center of the Anadarko Basin, while the extreme
southwestern corner lies within the region of the Wichita Mountains (Figure 1.1). The
two wells from which core materials were obtained were drilled in northwest Caddo
County (Figure 1.1). Firefly 13-2H is located in Section 13, Township 11 North, Range
13 West (35.25181, -98.31344), and Mockingbird 28-1HR is located in Section 28,
Township 9 North, Range 12 West (35.22585, -98.47379). The wells were drilled
approximately 23 km (14 mi) from one another.
2.2 Basin Architecture
The Anadarko Basin is an asymmetric foreland basin bounded by the Wichita
Mountains to the south and southwest, the Arbuckle Mountains to the southeast, the
Nemaha uplift to the east, and shoals onto a broad shelf in the northwestern part of
Oklahoma, the Texas and Oklahoma panhandles, southwest Kansas, and southeastern
Colorado (Evans, 1979; Figure 1.1).
The present configuration of the basin and the large structural relief of its
southern portion resulted from the collision of Laurasia and Gondwana during
Mississippian-Permian time. Faulting and uplift are thought to have peaked in the
Pennsylvanian, began to wane in the early Permian, and was mostly buried by the end of
the Permian (Ball et al., 1991). Prior to the collision, this region is referred to as the
Oklahoma Basin, which was part of a broad epicontinental sea from late Cambrian
through Mississippian time (Johnson, 1989). Flexural downwarping and resultant crustal
5
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thickening of the continental margin initiated the growth of the basin, after which
subsidence resulting from sediment and water loading further contributed to its
development (Stockmal et al., 1986).
The basin was sourced at various times from nearly every direction; the Wichita
and Amarillo uplifts to the southwest are considered proximal sources of coarse-grained
sediment, while the western Ancestral Rockies and the eastern Ouachita Mountains are
considered sources of finer-grained siliciclastic sediments. Various cratonic sources are
also believed to have contributed sediment (Johnson, 1989). The deepest part of the
Anadarko Basin lies to the south at the edge of the tectonic uplift of the Wichita
Mountains where Phanerozoic strata exceed a thickness of 12 km (40,000 ft) (Gilbert and
Donovan, 1982; Henry and Hester, 1995; Figures 1.1 and 2.2.1). Sedimentation rates
during the latest Mississippian to early Permian exceeded 100 m/MY in the Anadarko
Basin, and more than 3 km (10,000 ft) of Pennsylvanian strata is preserved in this
southwestern region near the Wichita structural front (Sloss, 1988).

6
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Figure 2.2.1 Schematic cross section A-A’ showing the major geologic provinces of Oklahoma and associated geologic ages.
More than 10,000 ft (3 km) of Pennsylvanian strata was deposited in the southwestern region of the Anadarko Basin near the
Wichita structural front. Location of cross section shown by red line in Figure 1.1. Zone of interest marked by the red rectangle
(modified from Johnson, 2008).

7
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2.3 Tectono-Stratigraphic Setting of the Anadarko Basin
2.3.1 Late Precambrian to Middle Cambrian
The oldest rocks in Oklahoma are late Precambrian igneous and low-grade
metasedimentary rocks that formed approximately 1.4 billion years ago (Ham et al.,
1964). The breakup of the supercontinent Rodinia commenced with widespread rifting at
about 800 Ma, culminating in the isolation of North America as a separate continent
referred to as Laurentia by about 600 Ma (Miall, 2019). By the end of the Precambrian,
Laurentia was almost entirely rimmed by extensional margins and the continent was
surrounded by sea-floor spreading ridges from which the other continents rotated away
(Hoffman, 1988; Hoffman et al. 1989; Figure 2.3.1.1).
The rifting and igneous activity in the early and middle Cambrian is considered
the first major phase of tectonic development for the region (Denison, 1976; Gallardo and
Blackwell, 1999; Figures 2.3.1.2 and 2.3.1.3a). Cambrian igneous activity resulted in
intrusion of a gabbroic complex, referred to as the Glen Mountains Layered Complex,
associated shallow intrusives, and as much as 40,000 km3 of metaluminous silicic
magmas, which comprise the Carlton Rhyolite Group and the intrusive Wichita Granite
Group (Ham et al., 1964; Hogan et al., 2000). This assemblage of Cambrian granite,
rhyolite, and gabbro were emplaced within and upon preexisting Precambrian igneous
and metasedimentary rocks in the area of what would become the Wichita uplift and the
southern portion of the Anadarko Basin (Johnson, 1989; Figure 1.1). Bounding normal
faults trending N60°W existed along the northern margin of early to middle Cambrian
rifting events and several types of dikes trending N60°W intrude the granitic rocks of the
eastern Arbuckle Mountains (Gilbert, 1983; Denison et al., 1987). This trend parallels
major Pennsylvanian deformational axes; therefore, it is considered the first evidence of
directional crustal weakness, subsequently affecting the tectonic history of Oklahoma
(Johnson, 1989).
Burke and Dewey (1973) concluded the Cambrian structural setting of southern
Oklahoma to be a failed arm of an inferred plate-tectonic triple junction that extended
into the North American craton during rifting associated with the breakup of Rodinia.
8
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The failed rift is now commonly termed the southern Oklahoma “aulacogen” (SOA)
(Figure 2.3.1.2). However, modern plate-tectonic reconstructions suggest that the
Oklahoma Basin is aligned with a fracture zone and probably originated as a
transtensional rift, analogous to the modern Benue Trough of Nigeria (Miall, 2019). The
northern margin of the SOA is likely beneath the southern part of the Anadarko Basin,
being approximately 32 km (20 miles) north-northeast of the northern margin of the
Wichita uplift that comprises the southern margin of the Anadarko Basin (Gatewood,
1978; Hoffman et al., 1974, 1989).

Figure 2.3.1.1 The Laurentian plate at the end of the Precambrian. Southern Oklahoma
“aulacogen” marked by circle (from Miall, 2019).

9
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Figure 2.3.1.2 Eastern North American extensional margins during the Early Cambrian.
During this time, eastern North America bordered the Iapetus Ocean. Area of interest
denoted by red box (after Thomas, 2006).

10
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Rifting

Subsidence

Subsidence

Deformation

Figure 2.3.1.3 Schematic of the evolution of the southern Oklahoma “aulacogen”. (a)
Rifting and igneous activity from the late Precambrian to the middle Cambrian was initial
phase of basin development. (b) Shallow-water carbonate sediments dominated
deposition during the late Cambrian. As the rifting concluded, the region began to cool
and subside more than the surrounding craton. The aulacogen became the depocenter of
the Oklahoma Basin. This depocenter eventually became the site of the deep Anadarko
Basin and the Wichita-Amarillo uplift. (c) Throughout the last half of the Mississippian, a
rapid subsidence rate was affecting basins in southern Oklahoma resulting in thick
sedimentary deposits that consisted predominately of shale, with limestone and sandstone
layers. (d) The Pennsylvanian was a time of crustal instability and orogenic events and
the flexural downwarping associated with them provided accommodation space in the
Midcontinent. Basin subsidence was occurring in the south while broad regions in the
north underwent eustatic changes (modified from Hoffman et al., 1974).

11
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2.3.2 Late Cambrian to Devonian
Transgression of the late Cambrian seas has been associated with the second
tectonic phase of the region. Shallow-water carbonate sediments dominated deposition
during this time (Figure 2.3.1.3b). As the rifting phase concluded, the SOA began to cool
and thus subside more than the surrounding craton. Following thermal subsidence, the
SOA became the depocenter of the Oklahoma Basin and received twice as much
sediment as the surrounding craton during the Ordovician (Gallardo and Blackwell,
1999). By the beginning of the Silurian, subsidence rate had slowed, resulting in
relatively thin Silurian and Devonian strata (Feinstein, 1981).
2.3.3 Mississippian
During most of the early Mississippian, shallow seas covered the majority of
Oklahoma. This shelf-like area received widespread and thick shallow marine carbonate
interbedded with thin marine shale and sandstone (Johnson, 1989; Johnson et al., 2001;
Figure 2.3.1.3c). Principal pulses of tectonic activity associated with the OuachitaMarathon orogeny (the collision of the Gondwana craton with the Laurentia craton)
began in the late Mississippian and marks the initial development of the Anadarko Basin
(Burgess, 1976).
2.3.4 Pennsylvanian
The Pennsylvanian Period is subdivided into five epochs (Figure 1.2). The
Morrowan and Atokan epochs correspond to early Pennsylvanian, the Desmoinesian
epoch middle Pennsylvanian, and the Missourian and Virgilian epochs late
Pennsylvanian. During the early Pennsylvanian, the Wichita-Amarillo orogeny initiated,
resulting in 3 to 4.5 km (10,000–15,000 ft) of uplift in the Wichita Mountains. The
formation of the Wichita-Amarillo uplift is thought to be a result of basement thrusting
along ancestral planes of weakness due to little evidence of extensional faulting in the
region (Ham et al., 1964). The larger Oklahoma Basin then began to break into a series of
sharp uplifts and major basins, including the Anadarko Basin.
Tectonism was most intense during the middle Pennsylvanian. Flexure of the
crust through inversion of the SOA produced a foredeep directly to the north, which
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experienced particularly rapid subsidence (Moore, 1979; Stockmal et al., 1986; Johnson,
1989; Figure 2.3.1.1d). The inverted and exposed SOA resulted in a transition to clastic
deposition and deposition in the Anadarko Basin was five times greater than that
deposited on the surrounding craton (Johnson, 1989; Gallardo and Blackwell, 1999). By
the end of the Desmoinesian, the Ouachita-Marathon orogeny ceased. The Arbuckle
orogeny was the final major Pennsylvanian orogeny and occurred during the Virgilian.
The orogeny affected many mountainous areas in southern Oklahoma and caused
prominent folding in the Ardmore, Marietta, and Anadarko Basins (Johnson, 2008;
Figure 1.1).
2.3.4.1. Pennsylvanian Clastic Deposition
The first Pennsylvanian sediments deposited in the Anadarko Basin were
carbonate and chert fan-deltas derived from the previously deposited Mississippian rocks
uplifted during the Wichita-Amarillo orogeny during the early Pennsylvanian. As the
granitic Cambrian crystalline rocks became exposed, the fan-delta deposits of the Granite
Wash followed. Throughout the remainder of the basin, mostly shale, sandstone, and
limestone were deposited (Johnson, 1989). Conglomerate and eroded granite fragments
are commonly adjacent to major uplifts, while the coarse-grained rocks grade into
sandstone and shale toward the center of the basins (Figure 2.3.1.1d). Ham (1969) noted
that Pennsylvanian sediments are dominated by shale and sandstone in the basin, but
contain more limestone on the shelf.
Concurrent to the uplift of the Wichita Mountains, the Nemaha uplift, a buried
range of the ancestral Rocky Mountains associated with a granite high in the Precambrian
basement, rose above sea level as a broad, north-trending arch from Nebraska to central
Oklahoma (Gerhard, 2004; Figure 1.1). The majority of pre-Pennsylvanian rocks of the
Wichita Mountains, Criner Hills (south of the Ardmore Basin), and the Nemaha uplift
were eroded during the early Pennsylvanian (Lee, 1943; Merriam, 1963; Gerhard, 2004).
Although the Ouachita-Marathon orogen is interpreted as the product of
continental collision along a subduction zone, there is little evidence of igneous activity.
Arbenz (1989) mapped rhyodacite tuffs of early Mississippian age near the southern
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margin of the exposed Ouachita Mountains, and Nicholas and Waddell (1989)
investigated a rhyolite porphyry with an overlying Carboniferous-age tuff in deep wells
drilled into the basement near the Texas-Louisiana state line.
2.3.4 Permian to Present
The final phase in the development of the Anadarko Basin was characterized by
slower subsidence during the early Permian and eventual cessation of subsidence by the
middle Permian due to the conclusion of tectonic activity (Johnson, 1989). This resulted
in infilling of the basin with Permian red beds and evaporates, and thin post-Permian
strata were deposited uniformly across the Anadarko Basin and the surrounding area. The
Anadarko Basin has been relatively dormant since early Permian time; therefore, the
Anadarko Basin area preserves a complete record of early Paleozoic extensional to late
Paleozoic compressional deformation (Johnson, 1989; Soreghan et al., 2012).
A more detailed summary of the geologic history, stratigraphy, and tectonic
setting of the Anadarko Basin are given by Gilbert and Donovan (1982) and in the
volume edited by Johnson (1989).
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CHAPTER III
MATERIAL AND METHODS
Photographs of the all cored materials are available in Appendix A.
3.1 Available Materials
In 2014, approximately 65 m (212 ft) and 104 m (340 ft) of core were recovered
from the Firefly 13-2H and Mockingbird 28-1HR wells, respectively, by Forestar Oil &
Gas, LLC. Cores were slabbed and stabilized with polystyrene foam prior to this
investigation and were received for analysis at Texas Tech University. The overall
quality of the cores are excellent. The cores were previously plugged for porosity and
permeability analyses within the prominent sandstone intervals with a vertical spacing of
approximately 0.3 meters (1 foot) for a study conducted by Weatherford Laboratories
(Forestar Oil & Gas, LLC internal report). Cored intervals are principally composed of
laminated sandstone, shale, and well-sorted quartz-rich sandstone (Figures 3.1.1 and
3.1.2).
3.2 Sampling Approach
The investigation encompassed a set of 34 core fragments sampled from the
Firefly 13-2H and Mockingbird 28-1HR cores (Figures 3.1.1 and 3.1.2). It was
determined that sampling strategy should focus on observing maximum variation
between potential mineralogical assemblages. There are two main reasons for this
approach: (1) to evaluate potential mineralogical assemblage control on burial diagenesis,
and (2) to assess any diagenetic peculiarities that may be related to specific mineralogical
assemblages. Therefore, there is no consistent vertical spacing of samples. Eleven
samples were collected from the Firefly 13-2H core. Likewise, 23 samples were collected
from the Mockingbird 28-1HR core utilizing the same sampling strategy.
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Figure 3.1.1 Idealized graphical sedimentary log of Firefly 13-2H core including
macroscopically visible structures and corresponding interpreted ones. Sample locations
labeled to the right of column.
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Figure 3.1.2 Idealized graphical sedimentary log of Mockingbird 28-1H core including
macroscopically visible structures and corresponding interpreted ones. Sample locations
labeled to the right of column. Legend same as Figure 3.1.1.
17

Texas Tech University, Jordan S. Coe, December 2019
3.3 Analytical Techniques
A list of the analytical techniques performed on each sample is shown in Tables 2
and 3.
3.3.1 Petrological Analyses
Polarized light microscopy, X-ray diffraction, and SEM-EDS analyses were
performed in-house by the author at the Department of Geosciences, Texas Tech
University. QEMSCAN® data acquisition was conducted by third party at the Department
of Earth Sciences, University of Geneva while refinement and analyses of QEMSCAN®
data were performed by the author in-house.
3.3.1.1 Polarized Light Microscopy
A set of 34 thin sections (11 from Firefly 13-2H core and 23 from Mockingbird
28-1HR core) were prepared in order to study the textural and mineralogical
characteristics throughout the cored intervals. Polished thin sections of the standard 30
µm thickness were prepared by Petrolab Sardegna (Sant'Antioco, Italy) and were
thereafter analyzed in-house using a Leica DM750P polarizing microscope. Digital
images were captured using a Leica ICC50 HD camera attached to a MacBook running
Leica Acquire image analysis software.
This method was used as a complement to QEMSCAN® analyses. The aim of this
analysis was set on qualitative observation of: (1) specific textural phenomena such as
alteration and dissolution of grains, (2) grain shapes and diagenetic overgrowth, (3)
nature of cementation and distribution, and (4) nature of lithic grains (lithoclasts) and
aggregates.
3.3.1.2 QEMSCAN® Analysis
Automated mineral analysis and textural imaging was performed on a set of 15
samples using a FEI QEMSCAN® Quanta 650F (Tables 2, 3). Quantitative evaluation of
minerals by scanning electron microscopy (QEMSCAN®) is a fully automated system
that provides mineralogical and petrographic data as a phase assemblage map of a
specimen surface. The mineral phase identification is based on the combination of backscattered electron (BSE) contrast and energy dispersive X-ray spectroscopy (EDS)
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spectra quantification (Gottlieb et al., 2000). Individual X-ray spectra were compared to a
library of known spectra and a mineral name was assigned to each individual acquisition
point. The X-ray EDS spectra library, initially provided by the manufacturer, has been
further developed at the University of Geneva using a variety of natural standards for
different mineral species (Segvic et al., 2015).
Measurements were performed on carbon-coated polished thin sections used for
the prior polarization microscopy study. Analytical conditions included a high vacuum
and an acceleration voltage of 15 kV with a probe current of 10 nA. The X-ray
acquisition time was 10 ms per pixel using a point-spacing of 2.5 and 5 µm. In total, 122
individual fields were measured in each sample with 1500 pixels per field (1.5 mm), and
a set of 72 elements were measured at each location.
Results are presented in the form of high-quality resolved and fully quantified 2D
mineralogical maps that provide a statistically robust dataset over a 15 by 15 mm area in
the center of the analyzed thin section. The benefits of this technique over other various
imagery analysis methods is that it allows for the identification and location of potentially
important minor mineral, as well as easy visualization of pore space geometry, mineral
paragenesis, phase distribution, and rock type (Dillinger et al., 2016).
However, limitations of this technique exist. The lack of information on
crystallography and mineral structure raises the problem of the differentiation between
minerals of similar compositions (e.g. the clay minerals, zeolites). Some examples of this
disadvantage include: (1) diagenetic overgrowths cannot be clearly distinguished from
detrital grains such as quartz and feldspars, (2) allogenic and secondary minerals cannot
be distinguished between minerals with similar chemical compositions, and (3) lithics
cannot be clearly defined. Clay-size minerals smaller than the point-spacing resolution
may not be identified and can otherwise be misclassified due to spectra overlapping of
chemical data. The spectra that have no match in the database are automatically
categorized as “unclassified”. Image reprocessing and refining of “unclassified” EDS
spectra was performed using FEI’s iDiscover image analysis software by manually
assigning these unknown spectra to a mineral phase at the pixel-scale. The data
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processing software also allows for the simplification of the mineral species into a
manageable format by creating mineral groupings.
3.3.1.3 SEM-EDS Analysis
Following QEMSCAN® analyses, three carbon-coated thin sections were imaged
via a Scanning Electron Microscope (SEM) operating at 15 kV. SEM was used in
combination with EDS under high vacuum conditions to identify the mineral composition
of pore-filling mineral phases and to characterize the reservoir architecture at the micro
scale. The investigation was focused on the morphological and geochemical
characterization of pore-filling phases in order to allow for the differentiation between
detrital and authigenic minerals with similar chemical compositions. Examination
allowed for the identification of newly formed clay minerals, thus providing information
on the diagenetic evolution of the reservoir.
3.3.1.4 X-ray Diffraction (XRD) Analysis
In parallel to QEMSCAN® and SEM analyses, semi-quantitative and qualitative
whole-rock and clay fraction X-ray diffraction (XRD) analyses were performed on the
entire sample suite using a Rigaku Miniflex II with a Cu anticathode (Kα = 1.5418, 30
kV; 15 mA).
3.3.1.4.1 Whole-rock Analyses
Whole-rock XRD analyses were performed on a set of 32 samples (Tables 2, 3).
The samples were powdered in a McCrone mill that rendered all samples to
submicrometer sizes optimal for quantitative and qualitative XRD measurements. Once
powdered, samples were carefully prepared in order to maximize random particle
orientation and placed in sample holders. Samples were scanned at a continuous scan rate
of 1 °2θ per minute over the range of 3-70 °2θ. This technique has a detection limit of 3%
(Moore and Reynolds, 1997).
This allowed insight to the structure of unknown crystalline matter as well as
allowing identification of present mineral phases. Diffraction patterns (diffractograms)
were interpreted with the help of the Bruker© EVA evaluation software by comparing the
experimental peaks with the published files provided by the International Centre for
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Diffraction Data (JCPDS-1996, PDF-4 database). The qualitative identification procedure
began by searching for a mineral that corresponds to the strongest peak or peaks.
Confirmation of a present mineral phase was then made by comparing the positions of
weaker peaks for the same suggested mineral. Once a set of peaks was confirmed as
belonging to a single mineral, these peaks were eliminated from further consideration.
From the remaining peaks, a mineral that will correspond to the strongest remaining peak
or peaks was searched for and then confirmed by looking for its peaks of lesser intensity.
This method was repeated until all peaks were identified in each sample.
3.3.1.4.2 Clay Fraction Analyses
XRD was performed on the clay fraction (<2 μm) of the entire suite of samples
(Tables 2, 3). Such investigations aimed to provide more information on the speciation of
clay minerals present in the samples.
To prevent potential mixing of detrital material with authigenic clays, the samples
were not powdered but only gently disaggregated. Once disaggregated, the finest portion
of sample was collected and placed in 50 mL of distilled water, which was then placed in
an ultrasonic bath for 5 min to assist in deflocculation of fines. Suspensions containing
the clay fraction (<2 µm) were centrifuged with distilled water for 3 min to ensure
isolation of the <2 µm fraction, removed, and lastly suspended in a distilled water column
within a large beaker to allow settling. Once settling was complete, water was decanted
from the beaker to the point that only a few milliliters remained at the bottom along with
the deposited sediment. The separated clay fraction was then re-suspended by use of a
pipette and oriented mounts were prepared by placing the suspended clay fraction onto
specially designed glass slides (developed in-house) that allowed for reliable
compatibility with sample holders used in powdered whole-rock analyses. Samples were
then air-dried at room temperature.
The XRD analyses were first conducted with air-dried preparations and, based on
results, were re-conducted after treatment by ethylene-glycol solvation on samples of
interest. Oriented mounts were analyzed over the range of 3-30 °2θ considering that most
basal peaks of clay minerals are found within this range of °2θ values. The samples were
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analyzed with a step size of 0.02 °2θ and a counting time of 8.0 sec per step. The clay
minerals were identified in accordance with the position of the (00l) series of basal peaks
on the XRD profiles of air-dried specimens.
Ethylene glycol-solvation:
In order to test the presence of expandable-layer clays such as smectite,
vermiculite and mixed-layer illite-smectite (I-S), ethylene glycol-solvation is performed
(Moore and Reynolds, 1997). Samples of interest were exposed to the vapor of the
reagent ethylene glycol for 3 days in a closed atmosphere and then re-analyzed following
the same procedure previously described to determine the presence of smectitic
component in illite-smectite mixed-layers (Tables 2, 3).
When compared to air-dried diffractograms, this method enables identification of
expandable component due to peak shifts toward lower °2θ values (Table 1). In the airdried condition, the 001 peak of I-S is normally positioned at around 8.8 °2θ (9.8 Å)
shifting to the lower °2θ values after glycolation (Moore and Reynolds, 1997). The same
applies to the 001 peak of chlorite-smectite (C-S) that is normally found at approximately
6 °2θ (14.8 Å) which, in glycol-treated condition, migrates towards the lower °2θ value
of 5.2 °2θ (16.9 Å) if C-S is rich in smectitic component. The larger the shift, the more
smectitic component is present in the mixed-layer clay minerals.
Once the samples are analyzed, the Bruker© EVA evaluation software was used to
identify the clay mineralogy by comparing peaks’ positions, intensity, shape, and breadth
with a PDF-4 mineral database. The identification of clay minerals was accomplished by
careful consideration of peak positions and intensities as described by Brindley (1951)
and Moore and Reynolds (1997). The qualitative identification procedure follows the
same logic as that used for whole-rock interpretation, except that clay mineral
determination was also based on the results of ethylene glycol-solvation.
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3.3.2 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) Analysis
ICP-MS bulk-rock analysis of major and trace elements was conducted at the
Bureau Veritas Mineral Laboratories, Vancouver, Canada on a set of 15 samples (Tables
2, 3). After fusion in Li metaborate/tetraborate and digestion in nitric acid, the base metal
analysis was performed on 0.2 g of sample by ICP-MS. Rare earth and refractory
elements were analyzed on 0.5 g of sample that was digested in Aqua Regia.
Experimental accuracy was determined by using standard reference material STD SO-19,
and repeated measurements of two investigated samples (FS-11 and MS-04) allowed for
precision calibration. Repeated analyses of the two sample aliquots indicated a relative
standard deviation of maximally ~3%. Loss on ignition (LOI) was determined by weight
difference after heating the samples at 1000 °C for a one-hour period. Data processing
and interpretations of the geochemical analyses were conducted in-house by the author.
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CHAPTER IV
RESULTS
Results of petrographic investigations (QEMSCAN® and polarized light
microscopy), XRD, SEM, and ICP-MS analyses are presented in the following
subchapters. A complete set of raw data and images for samples analyzed by
QEMSCAN® are provided in Appendix B.
4.1 Mineralogy and Petrography Based on QEMSCAN® and Polarized Light
Microscopy
Representative samples were selected for QEMSCAN® analysis in order to
characterize the sandstone more precisely based on mineralogical composition (Tables 2,
3). Modal mineralogy based on QEMSCAN® results for Firefly 13-2H and Mockingbird
28-1HR core samples are presented in Figures 4.1.1 and 4.1.2, respectively. Quantitative
mineralogy data of the analyzed sample sets are provided in detail in Tables 4 and 5. The
values are expressed as area percentage, which accounts for 2D porosity. For samples not
analyzed by QEMSCAN®, quantitative results were complimented by detailed qualitative
identification of grains, textures, and various cements by polarized light microscopy.
Based on both quantitative and qualitative mineralogy data, sandstones from the
two cores are plotted in a Quartz-Feldspar-Lithics (QFL) ternary diagram following a
simplified model of the Folk (1974) classification (Figure 4.1.3.2). Values of each sample
were re-calculated after excluding 2D porosity. Quartz, feldspars, and lithics values were
normalized to 100%. Detrital materials that are not quartz or feldspars nor the pore-filling
phases (i.e. matrix constituents) correspond to “lithics”.
Carbonate samples (Firefly 13-2H samples FS-04 and FS-08; Mockingbird 28-1H
samples MS-01, MS-02, MS-03, MS-04, and MS-05) have been omitted from the QFL
classification to provide a quantitative and objectively focused investigation on the
siliciclastic component of the studied rocks.
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Figure 4.1.1 Modal mineralogy of Firefly 13-2HR samples based on QEMSCAN® measurements.
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Figure 4.1.2 Modal mineralogy of Mockingbird 28-1HR samples based on QEMSCAN® measurements
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4.1.1 QEMSCAN® Petrography
QEMSCAN® was conducted on 6 samples from the Firefly 13-2H core and 12
samples from the Mockingbird 28-1H core (Tables 2, 3). The following is a brief
summary of important mineral phases and the average of their occurrence in the two
cores. This also serves as an overview and explanation to Figures 4.1.1 and 4.1.2, and
Tables 4 and 5, as the analyses are further investigated and described in the following
sub-chapters.
Quartz is the dominant framework constituent throughout both cores, with an
average amount of 60% for the Firefly 13-2H samples and 70% for the Mockingbird 281HR samples. Sodium and (minor) K-feldspars constitute an average of 6% in Firefly 132H and 5% in Mockingbird 28-1HR. Feldspar minerals in the sandstone are commonly
altered to either I-S, kaolinite, or albite. The altered feldspar grains are ubiquitous.
Detrital phyllosilicates (micas and chlorite) average 9% in Firefly 13-2H and 2%
in Mockingbird 28-1HR.
Illite, I-S, C-S, and kaolinite fill secondary porosity in all samples, averaging 17%
in Firefly13-2H and 10% in Mockingbird 28-1HR, while intergranular and secondary
pore-filling pyrite and siderite occur sparsely throughout the sandstone successions.
Regarding heavy mineral occurrences and assemblages, four primary heavy mineral
phases were observed: rutile, apatite, epidote, and zircon; all present in abundances below
0.3%.
4.1.2 Polarized Light Microscopy
All 34 samples were examined by polarized light microscopy to further
characterize paragenetic sequences and replacement textures in order to compliment
QEMSCAN® results. The following descriptions are a generalized overview of
framework grains and cementing agents applicable throughout both cores.
Detrital quartz predominantly occurs as monocrystalline grains that are angular to
subrounded and range in size from coarse silt to medium-grained. Most quartz grains are
non-undulatory to weakly undulatory, but some grains exhibit undulose extinction. Grain
contacts are commonly convex-concave with occurrences of triple junctions (~120°) also
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observable (Figures 4.1.2.1a and b). This suggests evidence of strong compaction. Grains
commonly contain syntaxial overgrowths in samples lacking calcite cement, and
overgrowths are often abraded, suggesting recycling from preexisting rock (Figures
4.1.2.1b, c, and f). Local occurrences of rutile inclusions are also noted (Figure 4.1.2.1c).
Numerous small, linear vacuoles are observed in several samples (Figure 4.1.2.1d).
Plagioclase and K-feldspar are minor constituents and occur as angular twinned
fragments that have been extensively altered to clay, perthite, sericite, or carbonate
(Figures 4.1.2.1e and f). Dissolution of plagioclase and replacement by clay, carbonate,
or albite occasionally produce secondary intragranular porosity (Figure 4.1.2.1e).
Most lithic fragments are sedimentary in origin. The most abundant lithic variety
is chert. Most chert fragments consist of cryptocrystalline to polycrystalline silica (Figure
4.1.2.2a). Although some chert grains are altered and vary from light to dark brown in
plane-polarized light, most are unaltered and clear. Unaltered chert grains commonly do
not contain mineral inclusions, whereas altered chert grains display small flakes of mica,
inclusions of carbonaceous material, and small euhedral crystals of dolomite (Figure
4.1.2.2b).
Other lithic fragments that occur locally include varying amounts of mudstone
and siltstone. These lithic fragments are commonly extensively sericitized and are
difficult to identify because they form a pseudomatrix between framework grains
(Figures 4.1.2.1f and 4.1.2.2c). Extensive deformation of these mechanically and
chemically unstable grains during early diagenesis likely eliminated much of the original
porosity in the sandstone. Highly birefringent detrital muscovite and, rarely, biotite are
generally deformed and locally replaced by I-S and chlorite clays (Figure 4.1.2.2d).
Calcite is identified in two forms: (1) secondary spar replacement of allochems
such as ooids, crinoids, and various skeletal fragments (Figures 4.1.2.2a and e), and (2)
cement (Figures 4.1.2.1e, 4.1.2.2a, e, f). Carbonate-cementation events are texturally
distinguishable from one another; the earliest type seemingly a pore-filling poikiolitic
calcite and later phases being blocky spar replacement of allochems. When present, both
phases commonly occlude pore space.
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Figure 4.1.2.1 (a) Strong compaction evidenced by convex-concave grain contacts
(yellow arrows) and triple junctions at 120° (red arrows). (b) Quartz cement forming
syntaxial overgrowths on adjacent monocrystalline grains (red arrows); some quartz
grains exhibiting weak undulose extinction (yellow arrow); detrital epidote grain in
center of image. (c) Rutilated quartz (blue outline) and quartz overgrowths. (d)
Monocrystalline quartz with abundant linear vacuoles. (e) Feldspar grain dominated by
perthite (red outline); detrital plagioclase grain with partial calcite replacement (blue
outline); quartz grain exhibiting solution pit and/or embayment (yellow arrow) implying
intensive chemical weathering; secondary porosity possibly created by dissolution of
plagioclase (green circles). (f) Extensive alteration of plagioclase to sericite (yellow
outlines); alteration commonly occludes porosity; quartz overgrowths. Microphotographs
a, b, e, and f are in cross-polarized light; photographs c and d are in plane-polarized light.
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Figure 4.1.2.2 (a) Carbonate bioclasts, chert fragments (yellow outline), and blocky spar
calcite cement (red outline); (b) euhedral dolomite crystals; (c) pseudomatrix between
framework grains formed from extensively sericitized grains (dark, “dirty” patches); (d)
deformed and partially replaced detrital muscovite grain; (e) spar formed as secondary
replacement of allochems; (f) poikilotopic calcite cement. All microphotographs are in
cross-polarized light.
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4.1.3 Sandstone Classification
Firefly 13-2H Core
The mineralogical composition of individual sandstone units varies locally, but
using normalized proportions of quartz, feldspar, and lithic fragments, most of the
samples analyzed by QEMSCAN® and thin section petrography are classified as
subarkose with varying amounts of siliceous and calcareous cement (Figure 4.4.3.2a).
Major framework grains in the sandstone are dominated by quartz and in two cases
(samples FS-04 and FS-08) calcite is the dominant framework grain (Figure 4.1.1). Other
framework grains include: (1) intraformational clasts of clay and (2) siderite concretions
(Figure 4.1.3.1).
The siliciclastic framework is composed of high volumes of quartz (75-96%) and
feldspars (2-15%). Feldspars are predominately albite (average 93% of total feldspars),
and no K-feldspar is present. Replacement of allochems by spar is common in
fossiliferous samples and calcareous cement appears to be mineralogical assemblage
dependent. When present, euhedral dolomite rhombs are located within altered chert
nodules. Detrital phyllosilicates (i.e. muscovite, biotite, and chlorite) are found in the
range of 2 to 19% (Table 4).
Illite and mixed-layered illite-smectite (I-S) are the dominant pore-filling
constituents and represent 2 to 48% of the total petrographic framework (Table 4). This
high abundance of illite is further confirmed by XRD analyses (discussed in subchapter
4.2.2). Other pore-filling clay minerals such as kaolinite are present in lesser amounts
(0.5-12%). Heavy minerals and sulfides (“opaques”) are also present in trace amounts.
Mockingbird 28-1HR Core
Almost all samples analyzed by QEMSCAN® and thin section petrography are
classified as quartzarenite or subarkose with varying amounts of siliceous and calcareous
cement (Figure 4.1.3.2b). Most samples have framework mineralogy dominated by quartz
(81-96%); however, a few samples, MS-01, MS-02, MS-03, MS-04, and MS-05, contain
a high percentage of carbonate (Figure 4.1.2).
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Feldspars comprise 5-11% of the siliciclastic framework and are predominately
albite (average 97% of total feldspars). Replacement of allochems by spar is common in
fossiliferous samples and calcareous cement appears to be mineralogical assemblage
dependent. When present, altered chert nodules contain euhedral dolomite rhombs.
Detrital phyllosilicates (i.e. muscovite, biotite, and chlorite) are found in the range of 0.4
to 7% (Table 5).
Illite and I-S remain the dominant pore-filling constituents and represent 2 to 25%
of the total petrographic framework (Figure 4.1.2). This high abundance of illite is
confirmed by XRD analyses (discussed in subchapter 4.2.2.). Other pore-filling clay
minerals such as kaolinite are present in lesser amounts (0.1-2%). Opaques are also
present in trace amounts.
When identified, K-feldspar is always altered and almost entirely dissolved.
Locally, albitization is observed within the cores of K-feldspar grains. Alteration of
feldspars into clay minerals such as kaolinite is widespread and identified in most
samples.

Figure 4.1.3.1 Siderite concretions (yellow outlines). (a) Sample FS-03; (b) Sample FS04. Microphotographs taken in cross-polarized light.
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a)

(
a)

b)

(
b)

Figure 4.1.3.2 QFL ternary diagram for sandstone classification; (a) Firefly 13-2H core
samples; (b) Mockingbird 28-1HR core samples (from Folk, 1974). Carbonate samples
(Firefly 13-2H samples FS-04 and FS-08; Mockingbird 28-1H allochem-rich samples
MS-01, MS-02, MS-03, MS-04, and MS-05) have been omitted from the QFL
classification.
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4.1.4 Descriptions of Mineralogical Assemblages
Macro-physiographic sedimentary logging involved description of thicknesses,
color, sedimentary structures, grain size, sorting, and cementation. Logged sections were
divided into different mineralogical assemblages (MA) and, when necessary, subdivided.
Each MA has distinct textural and chemical characteristics, making them recognizably
different throughout the cores (Tables 6, 8). Firefly 13-2H and Mockingbird 28-1HR
cores were separated into four and five primary mineralogical assemblages, respectively.
Firefly 13-2H mineralogical assemblages are abbreviated as “FMA” and Mockingbird
28-1HR mineralogical assemblages are abbreviated “MMA”.
Summaries of the compositional features observed throughout the two cores are
hereby presented. In general, the Missourian Hoxbar siliciclastic intervals consist of thinand thick-bedded very fine- to fine-grained sandstone displaying flaser to lenticular
bedding, convolute laminae, and some small-scale cross-laminae. Deposits are generally
well sorted. Intraformational clasts of clay and siderite are common, and soft sediment
slump features are locally observed. Massively bedded sandstone also occurs in both
cores. Trace fossils, predominately of Zoophycos, Planolites, and Chondrites ichnofacies,
are present where bioturbation is noted and are most common in beds that are sub-equally
interstratified with mud and sand while seemingly absent within intervals dominated by
black shale. These trace fossils are typical of the Zoophycos assemblage, which is
commonly developed in fine-grained sediments deposited in dysoxic environments
(Bromley and Ekdale, 1997; Savrda et al., 2001).
Utilizing a sampling strategy designed to maximize variation between potentially
different mineralogical assemblages, samples were collected from siliciclastic intervals
exhibiting a variety of sedimentary structures. Representative samples of all but three
primary mineralogical assemblages were examined by QEMSCAN® for microphysiographic variation determination. For assemblages not analyzed by QEMSCAN®
(FMA-3; MMA-2 and MMA-4), polarized light microscopy was used to quantify
mineralogical framework and cementation. Note that the mineral abundance detailed in
the following summaries are expressed in area percent, which considers 2D porosity.
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Firefly 13-2H
The cored interval from Firefly 13-2H has been divided into four mineralogical
assemblages wherein FMA-2 is subdivided. They are described in order of first upward
occurrence within the core (Figure 4.1.4.1).
FMA-1: dark gray, bioturbated, coarse silt- to very fine-grained micaceous calcareous
feldspathic sandstone (samples FS-11, FS-10, FS-02, FS-01)
Only one sample of FMA-1 was examined by QEMSCAN®. FMA-1 comprises
approximately 30% of total Firefly 13-2H core materials. Mean grain size varies from
very fine sand in the upper portion of the core to coarse silt in the lower portion. Sand
grains are moderately well sorted. Quartz content ranges from 55 to 67% and feldspar
content ranges from 7 to 11% (Figure 4.1.4.2). The dominant cement is calcareous, but
minor cement consists of diagenetic quartz overgrowths. Present are long, bladed detrital
phyllosilicates (up to 0.5 mm in length) comprising approximately 5%. The samples are
highly bioturbated. The dominant pore-filling phases are illite and mixed-layer I-S
varying from 5 to 7%.
FMA-2: gray, thinly laminated, very fine- to fine-grained illitic feldspathic sandstone
(samples FS-09, FS-08, FS-07, FS-05)
All samples within FMA-2 were analyzed by QEMSCAN®. FMA-2 comprises
approximately 65% of total Firefly 13-2H core materials and is the primary mineralogical
assemblage throughout the FS series. Collectively, the mineralogical assemblage
represents thinly laminated (1 to 5 mm thick), moderately to well-sorted very fine- to
fine-grained sand. Quartz is the dominant phase throughout the MA and feldspar content
varies from 4 to 9%. Detrital phyllosilicate content varies from 10 to 14%. Illite and
mixed-layer I-S are the dominant pore-filling phase. Sub-MAs were primary divided
based on cementing agent.
FMA-2A (sample FS-09) is characterized by a siliceous cementing agent (i.e.
diagenetic quartz overgrowths). FMA-2A comprises ~35% of the total core. The quartz
content differs from that of FMA-2B in that it is significantly less abundant
(approximately 28%). Illite is highly abundant and comprises approximately 48% of the
total area analyzed by QEMSCAN® making this sample more representative of a shale
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(Figure 4.1.4.3). This sample is a very thin sandstone interlayer stratigraphically located
between two thicker shale beds at a depth of 3027.9 m (9934 ft) (Figure 4.1.4.1). This
sample will be omitted from analyses based on QEMSCAN® data to avoid misconstruing
results since it is determined that QEMSCAN® misrepresented results recovered through
light microscopy and XRD..
FMA-2B (samples FS-08, FS-07, FS-05) is differentiated by exhibiting a
calcareous cementing agent. FMA-2B comprises ~30% of the total core. All three
representative samples of the sub-MA were analyzed by QEMSCAN®. The quartz
content differs from that of FMA-2A in that it comprises 57 to 68% in samples FS-05 and
FS-07, respectively (Table 7; Figure 4.1.4.4). Sample FS-08 is unique due to the
occurrence of a carbonaceous siderite horizon (approximately 42% of analyzed area).
Overall, the samples are illite-rich, comprising 7 to 10%. FMA-2B contains the highest
amount of kaolinite. Kaolinite content ranges from 2 to 12% with the latter proportion
being found in sample FS-05. SEM-EDS analysis was used to investigate sample FS-05
further.
FMA-3: light gray, massive, very fine- to fine-grained calcareous quartz sandstone
(samples FS-06, FS-03)
No samples of FMA-3 were analyzed by QEMSCAN®; therefore, optical
microscopy was used to classify this mineralogical assemblage. FMA-3 comprises
approximately 5% of total Firefly 13-2H core materials. FMA-3 corresponds to wellsorted very fine- to fine-grained sand with poikilotopic calcite cement. The poikilotopic
calcite is widespread and encloses framework grains that show little evidence of chemical
alteration (Figure 4.1.2.2f). Cementation by calcite in this MA apparently occurred
during early diagenesis before extensive grain compaction and protected the framework
grains from extensive alteration. Quartz dominates the samples with content ranging from
90 to 95%. Feldspar content ranges from 2 to 5%. Detrital phyllosilicates are present in
very low quantities (approximately 1%). Sample FS-03 contains a large clast (20 by 5
mm) interpreted to be comprised of siderite based on similarity in appearance to siderite
clasts present in FS-04 (Figure 4.1.3.1), as demonstrated by QEMSCAN® results (Figures
4.1.4.5 and 4.1.4.6).
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FMA-4: brown, fine- to medium-grained fossiliferous calcarenite (sample FS-04)
Representative sample FS-04 was analyzed by QEMSCAN® (Figure 4.1.4.5).
FMA-4 comprises approximately <1% of total Firefly 13-2H core materials. Firefly 132H mineralogical assemblage 4 corresponds to fossiliferous calcarenite. The fine- to
medium-sized detrital grains are poorly to moderately sorted and generally have low
degree of roundness. Quartz comprises 47% of total area while carbonate and bioclastic
material comprise 42% (siderite being the dominant carbonate phase). Detrital
phyllosilicates primarily make up the remaining portion at approximately 5%. Detrital
allochems consist of various skeletal fragments (i.e. echinoid spines, crinoids, and
foraminifera) along with minor occurrences of ooids, and much of these have undergone
recrystallization. Siderite is present as large nodules (up to 15 mm in length; Figure
4.1.3.1b).
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Firefly 13-2H
FMA-1
Coarse silt to very
fine-grained,
bioturbated,
calcareous
sandstone
FMA-2A

Very fine- to finegrained, sandy shale
(attempted sampling
of sandstone
interlayer)
FMA-2B
Very fine- to finegrained, thinly
laminated,
calcareous
sandstone
FMA-3

Very fine- to finegrained, massive,
calcareous
sandstone
FMA-4

Fine- to mediumgrained
fossiliferous
calcarenite

Figure 4.1.4.1 Idealized graphical sedimentary log along with macroscopically visible
structures and corresponding interpretations. Core photographs summarize the
macroscopic MA division of the Firefly 13-2H core. FMA-2A sample target outlined in
red. Sample locations labeled to the right of column.
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Firefly 13-2H
FMA-1

Figure 4.1.4.2 (top left) Pie chart: mineral composition of Firefly 13-2H FMA-1
represented by sample FS-02, derived from QEMSCAN® (see Table 7 for values); (top
right) QEMSCAN® image showing the 2D mineralogy and textures of representative
sample (FS-02): legend applicable to both; (bottom) thin section photograph of FS-02
taken at 4X magnification under XPL.
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Firefly 13-2H
FMA-2A

Figure 4.1.4.3 (top left) Pie chart: mineral composition of Firefly 13-2H FMA-2A
represented by sample FS-09, derived from QEMSCAN® (see Table 7 for values); (top
right) QEMSCAN® image showing the 2D mineralogy and textures of representative
sample (FS-09): legend applicable to both; (bottom) thin section photograph of FS-09
taken at 4X magnification under XPL.
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Firefly 13-2H
FMA-2B

Figure 4.1.4.4 (top left) Pie chart: average mineral composition of Firefly 13-2H FMA2B out of the 3 analyzed samples, derived from QEMSCAN® (see Table 7 for values);
(top right) QEMSCAN® image showing the 2D mineralogy and textures of representative
sample (FS-07): legend applicable to both; (bottom) thin section photograph of FS-07
taken at 4X magnification under XPL.
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Firefly 13-2H
FMA-4

Figure 4.1.4.5 (top left) Pie chart: mineral composition of Firefly 13-2H FMA-4
represented by sample FS-04, derived from QEMSCAN® (see Table 7 for values); (top
right) QEMSCAN® image showing the 2D mineralogy and textures of representative
sample (FS-04): siderite (orange) is categorized under “Carbonates” in pie chart;
(bottom) thin section photograph of FS-04 taken at 4X magnification under XPL.
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FMA
1
4

2B
2B
2B
2A

Figure 4.1.4.6 Modal mineralogy of Firefly 13-2H samples based on QEMSCAN® measurements and associated
mineralogical assemblages.
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Mockingbird 28-1HR
Detailed core description has led to the division of the Mockingbird 28-1HR
cored interval into five major mineralogical assemblages. They are described in order of
first upward occurrence within the core (Figure 4.1.4.7). The abundance of each
mineralogical assemblage interpreted from the Mockingbird 28-1HR core materials is
relative only to the percentage of total sandy intervals comprising the core. Samples were
not obtained from shale intervals in the Mockingbird 28-1HR core; therefore,
interpretation of their mineralogical assemblage has not been made. This differs from
sampling of the Firefly 13-2H core materials in which the overall shaly nature of the core
did not allow for such preferred selectivity of predominately-sandy intervals.
MMA-1: gray, bioturbated, very fine- to fine-grained illitic feldspathic orthoquartzite
(samples MS-23, MS-22, MS-14, MS-13, MS-12, MS-09)
Four samples representing MMA-1 were analyzed by QEMSCAN® (Figure
4.1.4.8). MMA-1 comprises approximately 30% of sandy Mockingbird 28-1HR core
materials. They represent moderately to well-sorted very fine- to fine-grained bioturbated
sand. Quartz content varies from 54 to 66%. Feldspars content is in the range of 5 to 9%.
The pore-filling phases (i.e. illite and mixed-layer I-S) vary from 13 to 26%, appearing to
be dependent on degree of bioturbation, the higher proportions of illite and mixed-layer IS being associated with less bioturbation and better preserved shaly laminations. MMA-1
is primarily cemented by diagenetic quartz overgrowths. Sample MS-09 shows traces of
finer quartz and feldspar grains along bioturbation boundaries.
MMA-2: dark gray, bioturbated, very fine- to fine-grained illitic calcareous feldspathic
sandstone (samples MS-21, MS-19, MS-16)
No samples of MMA-2 were analyzed by QEMSCAN®; therefore, optical
microscopy was used to classify this mineralogical assemblage. MMA-2 comprises
approximately 5% of sandy Mockingbird 28-1HR core materials. This MA represents
moderately to well-sorted very fine- to fine-grained bioturbated sand. Based on
microscopic investigation, MMA-2 is highly similar to MMA-1; the primary difference
being that MMA-2 contains calcareous cement. Therefore, mineral abundances based on
optical microscopy are approximated to be in similar ranges of those associated with
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MMA-1. Also similar to MMA-1, the amount of illite and mixed-layer I-S appears to be
dependent on degree of bioturbation with the higher proportions of illite and mixed-layer
I-S being associated with less bioturbation and better preserved shaly laminations.
MMA-3: light gray, massive, fine- to medium-grained orthoquartzite (samples MS-20,
MS-18, MS-17, MS-15, MS-10, MS-07, MS-06)
MMA-3 is the most common mineralogical assemblage within the sample set,
comprising approximately 50% of sandy Mockingbird 28-1HR core materials. Six
samples representing MMA-3 were analyzed by QEMSCAN®. The sandstone exhibits
fine- to medium-grained and well sorted. The samples are dominated by quartz ranging
from 72 to 86% (Table 9; Figure 4.1.4.9). Feldspar content varies from 4 to 6%. Porefilling phases corresponding to illite and mixed-layer I-S vary between 4 to 6%. Samples
of MMA-3 are cemented by diagenetic quartz overgrowths.
MMA-4: gray, massive, fine- to medium-grained illitic calcareous quartz sandstone
(Samples MS-11, MS-08)
No samples of MMA-4 were analyzed by QEMSCAN®; therefore, optical
microscopy was used to classify this mineralogical assemblage. MMA-4 comprises
approximately 5% of sandy Mockingbird 28-1HR core materials, and is the least
abundant mineralogical assemblage of the core. MMA-4 corresponds to sandstone that is
moderately to well sorted and fine- to medium-grained with calcareous cement. The
samples consist primarily of quartz, ranging from an estimated 80 to 90%. Feldspar
content varies from 5 to 10%. Illite abundance estimated from clay fraction XRD results
indicating that this MA is illite-rich.
MMA-5: gray, cherty, arenaceous oolitic limestone (samples MS-05, MS-04, MS-03,
MS-02, MS-01)
Two representative samples (MS-02 and MS-04) were analyzed by QEMSCAN®
(Figure 4.1.4.10). MMA-5 comprises approximately 7% of total Mockingbird 28-1HR
core materials, and corresponds to the uppermost ~10 ft of core. MMA-5 corresponds to
an arenaceous oolitic limestone with poorly sorted very fine- to medium-grained quartz.
Quartz comprises an average of 40% of total area while bioclastic material comprise an
average of 45%. The dominant allochems are ooids, but various skeletal fragments (i.e.
brachiopod shells, echinoid spines, crinoids, foraminifera, and algae) are present in
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moderate quantities, and much of these have undergone recrystallization. Siderite is
present as large nodules (up to 30 mm in length), and large chert nodules (up to 5 mm)
are present.
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Mockingbird 28-1H

MMA-1
Very fine- to finegrained,
bioturbated
sandstone
MMA-2
Very fine- to finegrained,
bioturbated,
calcareous
sandstone
MMA-3
Fine- to mediumgrained, massive,
sandstone

MMA-4
Fine- to mediumgrained, massive,
calcareous
sandstone
MMA-5

Cherty,
arenaceous oolitic
limestone

Figure 4.1.4.7 Idealized graphical sedimentary log along with macroscopically visible
structures and corresponding interpretations. Core photographs summarize the
macroscopic division of the Mockingbird 28-1HR core. Sample locations labeled to the
right of column. Large shale intervals not interpreted due to lack of sampling.
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Mockingbird 28-1HR
MMA-1

Figure 4.1.4.8 (top left) Pie chart: average mineral composition of Mockingbird 28-1HR
MMA-1 out of the 3 analyzed samples, derived from QEMSCAN® (see Table 7 for
values); (top right) QEMSCAN® image showing the 2D mineralogy and textures of
representative sample (MS-12): legend applicable to both; (bottom) thin section
photograph of MS-12 taken at 4X magnification under XPL.
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Mockingbird 28-1HR
MMA-3

Figure 4.1.4.9 (top left) Pie chart: average mineral composition of Mockingbird 28-1HR
MMA-3 out of the 6 analyzed samples, derived from QEMSCAN® (see Table 7 for
values); (top right) QEMSCAN® image showing the 2D mineralogy and textures of
representative sample (MS-18): legend applicable to both; (bottom) thin section
photograph of MS-18 taken at 4X magnification under XPL.
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Mockingbird 28-1HR
MMA-5

Figure 4.1.4.10 (top left) Pie chart: average mineral composition of Mockingbird 281HR MMA-5 of the 2 analyzed samples, derived from QEMSCAN® (see Table 7 for
values); (top right) QEMSCAN® image showing the 2D mineralogy and textures of
representative sample (MS-04): legend applicable to both; (bottom) thin section
photograph of MS-04 taken at 4X magnification under XPL. Mineralogical assemblage 5
is omitted from QFL due to carbonate classification.
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MMA
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3
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Figure 4.1.4.11 Modal mineralogy of Mockingbird 28-1HR samples based on QEMSCAN® measurements and associated
mineralogical assemblages.
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4.1.5 Heavy Mineral Analysis
In the sediment analyzed, various amounts of heavy minerals were identified by
QEMSCAN® and light microscopy. The heavy mineral composition of sandstones has
been used widely to trace the provenance of the source material (Hubert, 1971; Mange
and Maurer, 1992). For instance, Stanley (1965), Morton and Hallsworth (1999) or more
recently Morton et al. (2014) have been using the ratios of heavy minerals to acquire
insights on provenance and transportation of sediments (Sylvester, 2012).
The heavy mineral fraction generally ranges from 0.1 to 0.5 %. The most
abundant heavy minerals found in analyzed sediments are represented by apatite, with an
abundance of up to 0.3%, and rutile with an abundance of up to 0.2%. Zircon and epidote
are present in lesser amounts (up to 0.07% and 0.09%, respectively), but are found
throughout the majority of samples (Table 10). The remaining phases are primarily
oxides and sulfides.
In Figure 4.1.5.1, the ratio of Zircon-Tourmaline-Rutile (ZTR) along with the
abundance of apatite and the remaining accessory minerals for each analyzed sample are
presented following the ternary diagram first proposed by Hubert (1962). Carbonate-rich
samples have been omitted. The pole of zircon, tourmaline and rutile is expected to
represent very stable minerals, resistant to abrasion and chemical weathering whereas
apatite and others illustrate minerals of lesser stability (Stanley, 1965). Detrital heavy
mineral assemblages at greater depths are ultimately reduced to an assemblage dominated
by zircon, tourmaline, and rutile (Milliken, 1988; Milliken and Mack, 1990).
Samples from both cores show low-diversity assemblages. There is a loose
grouping pattern that represents moderate amounts of apatite and ZTR, but low amounts
of other heavy minerals. High ZTR values very commonly characterize ancient
sandstones, because of extensive diagenetic dissolution of less stable species (McBride,
1985). This may have implications of the maturity of the sediments, i.e. sediment
recycling, or it may represent a different source of sediments (Weltje and Von Eynatten,
2004). The diagenetic imprint on heavy minerals may also be responsible for a change of
mineralogy and therefore a loss of detrital signal. Due to the absence of tourmaline in the
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samples, Figure 4.1.5.2 illustrates the distribution of zircon, apatite, and rutile, as these
are the most abundant heavy minerals throughout the two cores. The diagram
demonstrates a higher affinity for minerals apatite and rutile over zircon within the
sample suites, in particular, samples from Firefly 13-2H. While samples from both cores
demonstrate the same heavy mineral assemblages, likely indicating same source, the
relative absence of zircon in Firefly 13-2H sandstones may have implications on degree
of weathering.
Textural properties of the heavy mineral grains could prove useful in future
analyses, but are out of the scope of this investigation. However, compositional
properties will be supplemented by information from other lines of evidence.
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Figure 4.1.5.1 Ternary diagram of the percentage of heavy minerals determined by
QEMSCAN® investigations of the Firefly 13-2H and Mockingbird 28-1HR samples.
ZTR – ratio of zircon + tourmaline + rutile; Ap – apatite; Other: epidote + titanite +
zoisite + ilmenite + monazite + diopside + chromite + hornblende. ZTR ratio represents
the most stable heavy minerals with respect to abrasion and weathering; others are
intermediate; apatite is the least resistant. Based on ZTR-index of Hubert (1962)

Figure 4.1.5.2 Ternary diagrams comparing abundances of zircon, apatite, and rutile.
Based on ZTR-index of Hubert (1962).
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4.2 XRD Analyses
Whole-rock XRD results of all samples are presented in Tables 11 and 12. They
further support QEMSCAN® results in terms of primary mineral phases while
complementing QEMSCAN® results in terms of minor mineral phases, especially clay
minerals.
Mineral composition data on the clay fraction (<2 µm) derived from XRD
analysis are detailed in Tables 13 and 14.
The complete set of whole-rock and clay-fraction XRD patterns are available in
Appendix C. Primary clay-mineral phases are labeled on clay-fraction diffractograms and
all ethylene-glycol comparisons are included.
4.2.1 Whole-rock
A representative pattern of the different mineralogical assemblages for each core
is shown in Figures 4.2.1.1 and 4.2.1.2. The whole-rock XRD patterns of samples from
both cores show that quartz, calcite, and plagioclase are ubiquitous, whereas dolomite,
siderite, and opaques phases occur sporadically. The presence of siderite is observed in
samples FS-03, FS-04, FS-08, and FS-10. Clay mineral (10 and 7/14 Å phases)
reflections are mostly detected throughout both cores, but they appear more abundant
throughout the Firefly 13-2H core. In the whole-rock fraction, phases corresponding to
less than 3% of the samples are weakly detected, if at all. This is likely the case with clay
minerals that have not been detected in some samples and only slightly in others (sample
FS-06 from Firefly 13-2H and samples MS-01, MS-02, MS-06, MS-08, and MS-20 from
Mockingbird 28-1HR). Samples FS-05 and FS-09 are especially characterized by
stronger clay mineral presence, presumably pore-filling phases. Considering the overall
minor component of clay mineral phases present in the samples, it was not possible to
perform further clay type identification without separating out the clay fraction (<2 µm)
for XRD analysis.
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(b)

(

b)

Figure 4.2.1.1 Whole-rock XRD patterns of Firefly 13-2H (a) FMA-1, (b) FMA-2, (c) FMA-3, and (d) FMA-4. Phase reflexes
that correspond to main mineral phases are labeled. Qtz – quartz; Cal – calcite; Plag – plagioclase (albite); Dol – dolomite; Sd
– siderite; 10 Å-phyl – 10 Å phyllosilicate mineral phases; 7/14 Å-phyl – 7 and 14 Å phyllosilicate mineral phases.
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Figure 4.2.1.2 Whole-rock XRD patterns of Mockingbird 28-1HR (a) MMA-1, (b)
MMA-2, and (c) MMA-3. Phase reflexes that correspond to main mineral phases are
labeled. Abbreviations same as Figure 4.2.1.1.
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Figure 4.2.1.2 Continued Typical whole-rock XRD patterns of Mockingbird 28-1HR
(a) MMA-4 and (b) MMA-5. Phase reflexes that correspond to main mineral phases are
labeled. Abbreviations same as Figure 4.2.1.1.

65

Texas Tech University, Jordan S. Coe, December 2019
4.2.2 Clay Fraction
The <2 µm fractions were extracted from all samples of both Firefly 13-2H
(population: 11) and Mockingbird 28-1HR (population: 23) cores. The sufficient amount
of materials available allowed the clay fraction separation to be performed from the same
piece of sample used for the preparation of thin sections, thus reinsuring reliable results.
The XRD analyses on clay fractions have been investigated in order to clarify the clay
speciation present in the samples (Tables 13, 14). A representative XRD pattern of the
different mineralogical assemblages for each core is shown in Figures 4.2.2.1 and 4.2.2.2.
The patterns for both cores show characteristic clay mineral peaks such as those at 6.2,
8.8, and 12.5 °2θ corresponding to chlorite-like, illite and/or micas, and kaolinite
signatures, respectively.
The broad peaks at 6.2, 8.8, and 12.5 °2θ suggest presence of a mixed phase
composition (Worden and Morad, 2003; Zanoni et al., 2016). To identify clay minerals
from the smectite group and mixed-layers containing smectite, special treatment by
glycolation was performed on a second set of oriented mounts and then compared to
untreated analyses (Figures 4.2.2.3 and 4.2.2.4).
The general results clearly show that peak intensities are not ubiquitous
throughout the different samples, indicating a quantifiable variation in the clay mineral
content for each core. It should be noted that variation in the quality of clay fraction
extraction during the preparation might also affect peak intensities.
Firefly 13-2H
All samples show the 001 peak of chlorite-like phase (6.2 °2θ; 13.9 Å). The 8.8
°2θ peak corresponds to 10 Å sheet silicates such as muscovite, biotite and illite. A sharp
peak tends to indicate the presence of a single mineral phase whilst a pronounced
asymmetry, wide peak or bulge often suggest small diffracting domains or smectite interstratification (Moore and Reynolds, 1997 and references therein).
In the Firefly 13-2H clay fraction samples, peak 6.2 °2θ is typically sharp while
the 8.8 °2θ peaks are quite wide and asymmetrical. The width of the 8.8 °2θ peaks can be
explained by the presence of smectitic component in the inter-layered illite phase. An
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example of smectitic component detection is provided in Figure 4.2.2.3b showing a clear
shift of the 8.8 °2θ peak towards lower °2θ values after glycolation treatment. From the
glycolation treatment, it can be concluded that the illite phase corresponds to illite-rich
mixed-layer I-S. On the other hand, the sharpness of the 001 reflex at 8.8 °2θ chlorite-like
peak suggests a lack of smectitic component, further confirmed by glycolation, after no
discernable displacement occurred. The first basal peak of kaolinite is identified at 12.5
°2θ (7.1 Å); however, it greatly overlaps with the 002 peak of chlorite at this position.
The second diagnostic peak is at 24.8 °2θ. In samples FS-03 and FS-05, clear reflexes at
24.8 °2θ indicate the presence of kaolinite, the latter also being confirmed by
QEMSCAN®.
The smectitic component in the illite phase of FMA-2 seems higher (>10%) due
to the larger shift. FMA-4 (represented by sample FS-04) shows lower clay minerals peak
intensities (Figure 4.2.2.3).
Mockingbird 28-1HR
Generally, all samples from the Mockingbird 28-1HR core show the same clay
signature compared to Firefly 13-2H samples but with more variation in the I-S
component and little to no kaolinite reflexes. The smectitic component seems to be quite
poor (estimated at <10%) in most samples due to the very small shift of the 8.8° bulge
after glycolation (Figure 4.2.2.4).
General clay-fraction XRD results after treatment of ethylene glycol-solvation
show that the main difference between the two cores is that Firefly 13-2H samples are
characterized by higher I-S clay mineral proportions (Figures 4.2.2.3 and 4.2.2.4).
Moreover, kaolinite is also more abundant in Firefly 13-2H samples, particularly in
MMA-2. Although the proportion of micas varies between the samples based on other
analytical techniques, XRD results do not show clear difference between the two cores.
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Figure 4.2.2.1 Typical <2 µm clay fraction XRD patterns of Firefly 13-2H (a) FMA-1,
(b) FMA-2, (c) FMA-3, and (d) FMA-4. Sharp peaks tend to represent single phases
whilst broad or asymmetrical peaks suggest mixed phases with overlapping patterns. Chl
– Chlorite; I-S – mixed layered illite-smectite; Ill – illite; Kal – Kaolinite; Qtz – quartz.
001, 002, 00l peaks stand for first, second, and higher consecutive integers of 00l
reflections of basal planes of phyllosilicates. Non-identified peaks primarily correspond
to feldspars.
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Figure 4.2.2.2 Typical <2 µm clay fraction XRD patterns of Mockingbird 28-1HR (a)
MMA-1, (b) MMA-2, (c) MMA-3, and (d) MMA-4 (MMA-5 not shown due to limestone
classification). Sharp peaks tend to represent single phases whilst broad or asymmetrical
peaks suggest mixed phases with overlapping patterns. Abbreviations same as Figure
4.2.2.1. Non-identified peaks primarily correspond to feldspars.
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Figure 4.2.2.3 Compared XRD patterns of <2 μm clay-rich treated samples of Firefly
13-2H FMA-1, FMA-2, and FMA-3 (comparison of FMA-4 was not examined). (a)
Glycolated (blue line) XRD patterns of sample FS-02 from FMA-1. Glycolation shows
the presence of smectitic component in 001 peak of I-S shift toward lower °2θ values.
The shift being minor, the content of smectitic component in I-S is believed to be <10%.
(b) Glycolated (blue line) XRD patterns of sample FS-09 from FMA-2. The glycolated
pattern shows a stronger shift of smectitic component in 001 peak of I-S toward lower
°2θ values suggesting the smectitic content of I-S in FMA-2 is >10%. (c) Glycolated
(blue line) XRD patterns of sample FS-06 from FMA-3. The glycolated shift is virtually
undetectable other than the noticeably sharper 001 illite peak. The content of smectitic
component in I-S of FMA-3 is believed to be <<10%.
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Figure 4.2.2.4 Compared XRD patterns of <2 μm clay-rich treated samples of
Mockingbird 28-1HR MMA-1, MMA-2, and MMA-3 (comparison of MMA-4 and
MMA-5 were not examined). (a) Glycolated (blue line) XRD patterns of sample MS-09
from MMA-1. The glycolated shift is virtually undetectable other than the noticeably
sharper 001 illite peak. The content of smectitic component in I-S of MMA-1 is believed
to be <<10%. (b) Glycolated (blue line) XRD patterns of sample MS-21 from MMA-2.
The glycolated pattern shows a stronger shift of smectitic component in 001 of I-S peak
toward lower °2θ values suggesting the smectitic content of I-S in MMA-2 to be >10%.
(c) Glycolated (blue line) XRD patterns of sample MS-17 from MMA-3. The glycolated
pattern of MMA-3 appears identical to that of MMA-2 with regard to smectitic
component in I-S; however, the intensity (counts/second) is observed to be less than half
that of MMA-2.
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4.3 SEM-EDS Microtextural and Phase Chemistry Investigation
The morphology of clay particles is difficult to assess by QEMSCAN® and XRD
alone, so microtextural SEM-EDS analyses provide an optimal supplement to this
research. SEM-EDS will allow for the distinction and characterization of pore-filling
clays that were (1) under the resolution of QEMSCAN®, and/or (2) indistinguishable
from XRD due to the overlap of diffraction reflexes.
SEM-EDS analysis was performed on samples FS-05, FS-11, and MS-15 (Figure
4.3.1). These samples contain a variety of pore-filling constituents that allowed for the
differentiation between detrital and authigenic (diagenetic) minerals of interest based on
geochemical and morphological characterization.
4.3.1 Pore-filling Constituents
Mixed-layered illite-smectite
Detailed investigation determined that one of the primary pore-filling speciation
corresponds to small (<2 μm) illite with higher Si/Al ratio noted in several areas,
suggesting the presence of illite-smectite (I-S) interlayering (McKinley et al., 2003;
Figure 4.3.1a and f; Table 15). Authigenic illite and I-S morphologies seem to consist of
thin flakes with ribbon-like projections (mesh-like) across the porous spaces. This
morphology and relative size of the grains is consistent throughout samples of both cores.
Fe-Chlorite and mixed-layered chlorite-smectite (tosudite)
Authigenic chlorite is often enriched in Fe content (i.e. chamosite). The EDSphase chemistry confirms the chamositic composition of chlorite, observed as a
prevalence of Fe over Mg in the chloritic structure (Table 15). Pore-filling chlorite often
consists of small individual flakes oriented parallel to each other, creating a sideways
wavy appearance (Figure 4.3.1c). This morphology is also ubiquitous throughout both
cores and is always located proximal to mixed-layer chlorite-smectite.
Mixed-layered chlorite-smectite occurs as tosudite (Figure 4.3.1b, c, d, f). In
tosudite, brucite-like sheets are regularly interstratified with smectite interlayers between
dioctahedral 2:1 layers, resulting in di-trioctahedral chlorite layers (2:3). This mixedlayered mineral, like I-S, is also recognized by the elevated Si/Al ratio (McKinley et al.,
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2003; Table 15). The SEM investigation revealed a well-developed web-like mesh
structure of the clay mineral that occludes pore spaces in the reservoir. With respect to
chlorite, the EDS phase chemistry shows tosudite to have near-equal proportions of SiO2
and Al2O3 while maintaining a high proportion of FeO (Table 15). Tosudite is often
observed to be replacing mica or kaolinite (Figure 4.3.1d, f).
Kaolinite vs. dickite
The minerals that comprise the kaolin group include kaolinite, dickite, nacrite,
and halloysite (Cruz et al., 1980). The physical and chemical conditions under which the
kaolin minerals form are relatively low pressures and temperatures, and these minerals
are characteristic of three primary environments: (1) sedimentary rocks; (2) weathering
profiles; and (3) hydrothermal alterations (Cruz and Reyes, 1998). Typically, kaolin
minerals develop from detrital feldspars and micas, particularly in diagenetic sandstones
where higher porosity and permeability increases the fluid/rock ratio. The rate of feldspar
and mica dissolution increases with burial depths and this provides a necessary source of
aluminum to the system for formation of kaolinite to occur.
The kaolinite-dickite transformation in sandstone reservoirs has been intensively
studied and is often interpreted as a dissolution-precipitation reaction that is temperaturedependent (Harris, 1992; Ehrenberg et al., 1993). Dickite progressively replaces kaolinite
with increased burial depth and the kaolinite-to-dickite reaction results in gradual
morphological changes from the platy, pseudohexagonal, booklet, or vermicular stack
forms common to kaolinite, to the coarsening blocky particles or stack morphologies
associated with dickite.
In order to place precise constraints on the thermal burial history and diagenetic
evolution of these sandstones, it is important to distinguish between the polytypes of the
kaolin group. The dissolution-precipitation reaction of kaolinite-to-dickite is directly
correlated to temperatures and pressures, and is therefore a useful tool in this
investigation. XRD allowed a precise characterization of the discrete and mixed-layered
clay minerals, but was unable to distinguish between these two polytypes due to the
overlap of diffraction reflexes. QEMSCAN® analyzes mineralogy based on elemental
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composition and was unable to distinguish between kaolinite and dickite as well;
however, the data was useful in determining which samples contained the highest
abundance of kaolinite in order to navigate to these pore-filling constituents in SEM
investigations. Firefly 13-2H sample FS-05 was chosen and the well-crystallized booklets
definitive of authigenic kaolinite are presented in Figure 4.3.1b.
Volcanic glass particles
While investigating samples FS-11 and MS-15, it was found that, at several sites
throughout both samples, EDS phase chemistry confirmed the presence of volcanic glass
particles (Table 15). The small (<1 µm) shapeless particles were found within the porefilling mesh that is commonly comprised of mixed-layered clay phases (Figure 4.3.1c).
These particles were identified by morphology and a distinct Si-rich chemistry (De la
Fuente et al., 2000). These particular volcanic glass particles are intermediate in
composition, likely derived from airborne volcanic ash from Plinian eruptions of arc
volcanoes.
This is valuable information because illite and I-S are commonly interpreted to be
a result of illitization of precursor smectite (De la Fuente et al., 2000 and references
therein). However, illite and I-S are also found as products of glass transformation.
Other minor phases
Small framboidal pyrite was observed as aggregates in the pore-filling space and
rare occurrences of detrital phyllosilicates, primarily muscovite, were observed. Rutile
was found in one FS-11 site, confirmed by EDS phase chemistry corresponding with high
Ti composition (Figure 4.3.1d; Table 15). Authigenic florencite, the rare-earth endmember of the aluminophosphate series, occurs in trace amounts as minute rod-shaped
crystals. Identification of florencite is based on comparison of the rhombic morphology
with the EDS analysis containing the major elements of florencite: Al, P, and the rare
earth elements Ce (cerium), and La (lanthanum) (Figure 4.3.1c; Table 15). Authigenic
iron oxides also occurs in trace amounts
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Figure 4.3.1 (a) elongate detrital muscovite grain deformed between detrital quartz
grains and undergoing replacement by chlorite or illite; circle: example of pore-filling IS; rectangle: feldspar dissolution resulting in secondary porosity (also marks the location
of image ‘b’). (b) Well-crystallized booklets of authigenic kaolinite partially filling
porosity; elongated C-S (tosudite). (c) Pore-filling authigenic chlorite and tosudite;
volcanic glass, authigenic florencite and iron oxides. (d) Tosudite replacement of
kaolinite; rutile also shown. (e) Rocks were affected by large-scale Fe mobility –
mobilization front outlined in red. (f) Tosudite replacement of muscovite. Ffs: Kfeldspar; Ms: muscovite; Kln: kaolinite; C-S: tosudite; Chl: chlorite; Cal: calcite; I-S:
mixed-layered illite-smectite.
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4.4 Whole-rock Geochemistry
Geochemical signatures, particularly rare earth element (REE) signatures, are
useful for tracking element sources and mobility and are therefore powerful tools in the
investigation of clay mineral formation and diagenesis.
Throughout this study, it was assumed that trace element budget of the pore clay
minerals has remained relatively immobile during diagenetic evolution. This particularly
includes the high field strength elements (HFSE) and REE, which tend to be retained by
clay minerals rather than be mobilized by aqueous solutions. These elements are
preserved in the interlayer space of these clays, therefore preserving the initial
abundances inherited from source material. However, considering the multitude of
possible effects on the chemical compositions of sedimentary rocks due to provenance
(i.e. climate, lithology, tectonic setting, relief and slope of source area), many question
the validity of discriminating tectonic setting from rock chemistry, and thus interpretation
of trace element signatures in diagenetically altered source material requires caution
(Segvic et al., 2014 and references therein).
The concentrations of major and trace elements in sediments of the Firefly 13-2H
and Mockingbird 28-1HR cores are given in Tables 16 and 17, respectively.
4.4.1 Major Element Variations
The sandstones from Firefly 13-2H have less SiO2 (65.88 to 78.96 wt%) content
than those from Mockingbird 28-1HR (74.51 to 90.77 wt%). Alumina content for
samples from Firefly 13-2H vary from 6.59 to 18.01 wt%, whereas samples from
Mockingbird 28-1HR vary from 2.48 to 8.17 wt%. The CaO abundance is partly skewed
due to calcite cementation and/or siderite formation in various samples; however, very
carbonate-rich samples FS-04 and MS-04 were removed from this study as to not
excessively skew the data. In Firefly 13-2H, CaO content in samples range from 0.31 to
4.03 wt%, while in Mockingbird 28-1HR the range is from 0.86 to 6.77 wt%. Samples
from Mockingbird 28-1HR tend to be more depleted in Fe2O3 than those of Firefly 132H, and both cores exhibit markedly heavy MgO, K2O, and Na2O depletion. The amount
of Fe2O3 in Mockingbird 28-1HR ranges from 1.14 to 3.31 wt%, while in Firefly 13-2H it
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ranges from 2.39 to 4.75 wt%. The abundance of MgO is in the range of 0.59 to 1.27
wt% in Firefly 13-2H samples while it ranges from 0.47 to 1.07 wt% in Mockingbird 281HR samples. The concentration of K2O and Na2O in the cores range from 0.75 to 2.89
wt% and 0.44 to 1.47 wt% for K2O and between 0.94 to 1.21 wt% and 0.46 to 0.91 wt%
for Na2O in the Firefly 13-2H and Mockingbird 28-1HR sandstones, respectively.
Furthermore, the Na2O/K2O values for the Firefly 13-2H and Mockingbird 28-1HR cores
range from 0.35-1.61 and 0.55-1.91 wt%, respectively. This may suggest the dominance
of Na-feldspar over K-feldspar, further supporting what was observed petrographically.
The remaining major elements (MnO, Cr2O3, TiO2, and P2O5) appear on average in
concentrations that do not exceed 1 wt%. The loss on ignition (LOI), normally assigned
to water loss or calcite dissociation, ranges from 4.9 to 7.4 wt% in the Firefly 13-2H
samples while in Mockingbird 28-1HR samples it ranges from 2.2 to 7.6 wt%. LOI is
strongly related to CaO since higher carbonate content (calcite, dolomite) is associated
with both high CaO and high CO2 content (resulting in high LOI). No correlation could
be made between the LOI values and their total clay content in rock samples analyzed by
both QEMSCAN® and ICP-MS (Tables 4, 5, 16, 17).
Harker diagrams, in which the concentrations of major elements (Al2O3, MgO,
Na2O, K2O, TiO2, and Fe2O3) are plotted versus silica, are shown in Figure 4.4.1.1. In
general, the cross plots define linear trends that demonstrate a change in mineralogical
maturity. The correlations are largely controlled by quartz enrichment coupled with a
decrease in the proportions of phases that host other major elements such as alkalis (mica
and feldspar), Mg (mica), as well as Ti and Fe (heavy minerals and opaques). Chemical
weathering strongly affects the major-element geochemistry and mineralogy of
siliciclastic sediments. The dominant weathering processes during chemical weathering
of the upper crust is the alteration of feldspars and the secondary formation of clay
mineral groups (i.e. kaolins, illites, smectites, and chlorites). By examining the
relationships among alkali and alkaline earth elements, quantitative measures are used in
evaluating the intensity and duration of weathering in the samples collected from the
Hoxbar sandstone (Nesbitt and Young, 1982, 1996). A good measure of the degree of
chemical weathering can be obtained by calculation of the Chemical Index of Alteration
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(CIA; Nesbitt and Young, 1982) and the Plagioclase Index of Alteration (PIA; Fedo et
al., 1995) using the formulas (molecular proportions):
CIA = 100 x [Al2O3/(Al2O3 + CaO* + Na2O + K2O)]
PIA = 100 x [(Al2O3 – K2O)/(Al2O3 + CaO* + Na2O – K2O)]
where CaO* represents the amount of CaO incorporated in the silicate fraction of
the rock.
As weathering progresses, the CIA and PIA values will increase. Nesbitt and
Markovics (1980), Taylor and McLennan (1985) and Fedo et al. (1995), state that CIA
values for unweathered igneous rocks are 50 or below, residual clays have values of near
100, and typical shales average about 70 to 75. Alternatively, PIA values for fresh
plagioclase and altered plagioclase to smectite/kaolinite are 50 and 100, respectively.
High CIA and PIA values reflect the removal of mobile cations (e.g. Ca, Na, and K)
relative to stable residual constituents (e.g. Al, Ti) during weathering (Nesbitt and Young,
1982). Conversely, low CIA and PIA values indicate the near absence of chemical
alteration, and consequently might reflect cool and/or arid conditions.
CIA values of the 13 Hoxbar sandstone samples that were geochemically
analyzed vary from 55.5 to 73.3 (61.7 ± 5.5) and PIA values vary from 56.3 to 81.3 (64.8
± 7.7; Tables 16 and 17). The CIA and PIA values from the five Firefly 13-2H core
samples vary from 57.9 to 73.3 (65.2 ± 6) and 59.2 to 81.3 (69.6 ± 8.6), respectively. CIA
and PIA values from the eight Mockingbird 28-1HR core samples vary from 55.5 to 65.7
(59.5 ± 3.9) and 56.3 to 71.2 (61.8 ± 5.6), respectively. For each analyzed mineralogical
assemblage, average CIA and PIA values are as follows. Firefly 13-2H: FMA-1 (CIA
61.4 ± 3.5; PIA 64.3 ± 5.3; n = 3); FMA-2 (CIA 70.9 ± 3.4; PIA 77.7 ± 3.6; n = 2);
Mockingbird 28-1HR: MMA-1 (CIA 65.7; PIA 71.2; n =1); MMA-2 (CIA 59.1; PIA
61.6; n =1); MMA-3 (CIA 58.5 ± 3.6; PIA 60.3 ± 4.8; n = 6). CIA and PIA values for
analyzed mineralogical assemblages as related to depth are presented in Figure 4.4.1.2.
No discernable trends between weathering values and depth are identifiable; however,
when mineral assemblages and corresponding CIA values are presented independent of
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depth in Figure 4.4.1.3, slight grouping patterns are identified between mineralogical
assemblages.
Additionally, the Al2O3 - (CaO* + Na2O)-K2O (i.e. A-CN-K) and the Al2O3(CaO* + Na2O + K2O)-(FeO* + MgO) (i.e. A-CNK-FM) system is useful for evaluating
fresh rock compositions, but more importantly, examining their weathering trends. The
chemical compositions of sedimentary rocks are plotted as molar proportions on the
ternary diagrams of Nesbitt and Young (1982, 1984, 1989) and Nesbitt et al. (1996) in
Figure 4.4.1.4. On the A-CN-K diagram, sandstones from the Firefly 13-2H core show
higher CIA values that exhibit a well-established trend, beginning along the intermediate
parent rocks andesite and granodiorite and trending toward the field of illite (Figure
4.4.1.4a). The sandstones from the Mockingbird 28-1HR core record lesser CIA values.
This is likely due to the elevated SiO2/Al2O3 ratio and decrease in the abundance of most
trace elements associated with increasing textural maturity. Additional explanations for
this variation may include: (i) the reactions of many minerals that take place during
diagenesis involve these same minerals, and in a system where the concentration of these
chemical components fluctuates, there will be comparable effects; and (ii) the mixing of
provenance components of different compositions and/or weathering histories (Nesbitt
and Young, 1989; Price and Velbel, 2003). Sandstone samples from Firefly 13-2H show
more of a linear trend along the A-CN join that is consistent with simple weathering
being a prominent control of the composition whereas samples from Mockingbird 281HR are more inconsistent and the trend intersects the A-CN boundary, suggestive of
increased sediment mixing (Figure 4.4.1.4a; McLennan et al., 1993). All samples plot in
a cluster at or near the smectite composition on the A-CNK-FM diagram (Figure
4.4.1.4b). These plots indicate a high degree of weathering and an abundance of clay
minerals within siliciclastics of the Hoxbar sandstones.
When using the unstandardized discriminant function coefficients that utilized
oxide/Al2O3 ratios, samples plotted primarily within the field of intermediate igneous
provenance on the discriminant function diagram of Roser and Korsch (1988) (Figure
4.4.1.5a). This is in line with the report of several glass particles documented in the
porous space of the sandstones, initially ascribed to the volcanic material input at the time
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of sedimentation. Furthermore, the major element abundances of the analyzed rocks are
also characteristic of their sedimentary origin, plotting dominantly within the field of
quartzose sedimentary provenance when using the unstandardized discriminant function
coefficients of Roser and Korsch (1988) (Figure 4.4.1.5b).
25
FS Series
MS Series

15

MgO

Al2 O3

20

10
5
0
50

60

70 80
SiO2

90

100

3
2.5

Na2 O

K2O

2

1.5
1
0.5
0
60

70 80
SiO 2

90

100

1.2

6

1

5

0.8

4

0.6

60

70 80
SiO2

90

100

50

60

70 80
SiO 2

90

100

50

60

70 80
SiO2

90

100

3

0.4

2

0.2

1

0

50
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Fe2 O3

TiO2

50

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

0
50

60

70 80
SiO 2

90

100

Figure 4.4.1.1 Harker variation diagrams for quartz-rich sandstone suites from the Firefly
13-2H and Mockingbird 28-1HR cores (after Bhatia and Crook, 1986). The increase in
SiO2 reflects an increased mineralogical maturity, i.e. a greater quartz content and a
smaller proportion of detrital grains.
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Figure 4.4.1.2 Chemical Index of Alteration (CIA) values (black line) and Plagioclase
Index of Alteration (PIA) values (red line) for vertical profile of Firefly 13-2H and
Mockingbird 28-1HR samples illustrating that no discernable trends in weathering are
identifiable with depth.

Figure 4.4.1.3 CIA plotted against geochemically analyzed samples visualizing
mineralogical assemblage relations with degree of weathering.
84

Texas Tech University, Jordan S. Coe, December 2019
a)

b)

Figure 4.4.1.4 a) A-CN-K diagram with CIA reference to left. The predicted weathering
trends shown are for hypothetical compositions derived from extrapolating the sediment
trend to an unweathered composition. Samples from both cores exhibit well-defined
trends along the intermediate parent rock weathering pathways. Sandstone samples from
Firefly 13-2H show more of a linear trend that is consistent with simple weathering being
the sole control of the composition whereas samples from Mockingbird 28-1HR are more
inconsistent. Possible explanations include mixing of a relatively unweathered source
with a weathered source of differing primary composition or perhaps some influence
from secondary sedimentation processes that resulted in redistribution of Ca, Na, and/or
K in the silicate fraction (note that plagioclase is albitized in throughout these cores)..
Firefly 13-2H samples trend closer to the illite b) A-CNK-FM (after Nesbitt and Young,
1982; Nesbitt et al., 1996).
a)

b)

Figure 4.4.1.5 Sedimentary provenance discriminant diagrams using the relationship
between two discriminant functions for Firefly 13-2H and Mockingbird 28-1HR samples
(after Roser and Korsch, 1988). (a) Oxide/Al2O3 ratio discriminant functions; (b)
unstandardized oxide discriminant functions.
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4.4.2 Trace Element Variations
Trace element concentrations in sediments are the result of several competing
influences, including provenance, weathering, diagenesis, sediment sorting, and the
aqueous geochemistry of the individual elements. The highest concentrations of trace
elements are found in clay-rich sediments; therefore, it is the aim of this investigation to
focus on these lithologies throughout the cored intervals. Rare earth elements are
considered amongst the least soluble trace elements and are relatively immobile during
diagenesis, weathering, and hydrothermal alteration (Cullers et al., 1987; Michard, 1989;
Nesbitt and Markovics, 1997). Elements with low solubility and mobility are transferred
quantitatively into detrital sediments and therefore preserve a record of the source rock
compositions.
Rare earth elements results were normalized against a standard C1 chondrite REE
composition, shown in Figure 4.4.2.1 (Boynton, 1984). Chondritic normalization (1)
eliminates the abundance variation between odd and even atomic number elements, and
(2) allows any fractionation of the REE group relative to chondritic meteorites to be
identified. Normalized values and ratios of normalized values are denoted with the
subscript “N”. Ce/Ce*, Nd/Nd*, and Eu/Eu* anomalies were calculated from the
chondrite-normalized values according to the following equations:
Ce/Ce* = CeN / (LaN 2/3 * NdN 1/3)
Nd/Nd* = NdN / (CeN 1/2 * SmN 1/2)
Eu/Eu* = EuN / (SmN 2/3 * TbN 1/3)
where CeN, LaN, NdN, SmN, EuN, and TbN are the normalized values calculated from the
chondrite-normalized patterns. Simply put, these three anomalies are a measure of
deviation from the neighboring (i.e. atomic number) normalized REE.
All normalized REE curves show smooth parallel trends with heavy rare earth
element (HREE: Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd) concentration levels in the range of 4
to 14x chondrite for Mockingbird 28-1HR samples and 8 to 21x chondrite for samples
from the Firefly 13-2H core. Normalized light rare earth elements (LREE: La, Ce, Pr, Nd,
Sm, Eu) were recorded at concentrations of 7 to 65x chondrite for Mockingbird 28-1HR
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samples and 12 to 150x chondrite for samples from the Firefly 13-2H core (Figure
4.4.2.1). Had post-depositional diagenetic processes affected the REE content, a fan-like
array would form with the LREE profiles converging toward the less mobile HREE
(Gifkins et al., 2005). Such a pattern is not observed, thus suggesting the REE content
was primary controlled by magmatic processes that are recorded in the preserved
material. Thus, pore-filling clay phases have likely retained HFSE and REE abundances
inherited from the volcanic precursor.
Samples exhibit LREE enrichment with (La/Lu)N ratios ranging from 5.23 to 9.13
and 5.97 to 9.18 for the Firefly 13-2H and Mockingbird 28-1HR samples, respectively.
Medium and heavy rare earth elements are reported stable with narrow (Tb/Yb)N ratios of
1.06 to 1.48 and 1.00 to 1.63 for the Firefly 13-2H and Mockingbird 28-1HR samples,
respectively (Tables 16 and 17). Both LREE and HREE depict a systematic and
pronounced magmatic fractionation pattern, essentially of rhyodacitic to dacitic magmas,
whereas consistently higher LREE concentrations may reflect source enrichment or
possible changes in the degree of partial melting (Chesner, 1998; Segvic et al., 2014).
Additionally, a clear negative europium anomaly is expressed in all samples.
Mockingbird 28-1HR sandstones have more pronounced, yet more variable, Eu/Eu*
anomalies (0.55 to 0.75) compared with the Firefly 13-2H sandstones (0.62 to 0.70).
Implications for the occurrence of this anomaly are: (1) this sediment was derived from a
region that has been influenced by intracrustal geochemical differentiation (i.e. old stable
cratons or old continental foundations of active continental settings), and (2) the
intracrustal fractionation involves considerable separation of plagioclase by partial
melting and/or crystal fractionation (McLennan et al., 1993). Therefore, it was
determined these Eu/Eu* values are characteristic of intermediate magmatism and serves
as additional evidence of magmatic fractionation (Rollinson, 1993).
No significant Ce/Ce* nor Nd/Nd* anomalies were observed in the chondritenormalized REE diagram, with average Ce/Ce* and Nd/Nd* ratios of 0.98 and 1.01,
respectively, across all analyzed samples.
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A normalized multi-element diagram, simply referred to as a spider diagram,
exhibiting trace elements normalized to the primitive mantle is presented in Figure
4.4.2.2. The primitive mantle standard used herein is derived from McDonough et al.
(1992) (standard value for P taken from primitive mantle values of Sun (1980)).
Results show that Firefly 13-2H samples are slightly more enriched in trace
elements compared to Mockingbird 28-1HR samples. Clear negative anomalies of P, Ti,
Ta, and Nb, and positive anomalies of La and Pb are ubiquitous, whilst positive
anomalies U and Sr are more readily found in Mockingbird 28-1HR samples. A striking
difference between the samples is seen in the positive Ba anomaly in Mockingbird 281HR samples; however, this anomaly is easily explained as it pertains to drilling fluid
contamination. Negative Nb, Ta, and Ti anomalies as well as a strong Pb enrichment
anomaly are indicative of subduction (Segvic et al., 2014).
HFSE (e.g., Zr, Hf, Nb, Y, Th, and U) concentrations are 10-50x those in the
primitive mantle, which is consistent with the process of magmatic fractionation (Figure
4.4.2.2). HFSE are preferentially partitioned into melts during crystallization and as a
result are enriched in more felsic-like, rather than mafic, sources (Feng and Kerrich,
1990). Additionally, Figure 4.4.2.3 illustrates the nature of the volcanism as being
intermediate. This classification is based on HFSE concentrations that are readily
controlled by clay minerals formed during diagenesis (Michard, 1989; Segvic et al.,
2014). Through observing trace element relationships, the degree of sedimentary sorting
and recycling is also identified where HFSE Zr and Hf are strongly enriched over upper
crustal abundances. Samples express depletion in large ion lithophile elements (LILE)
and enrichment in HFSE relative to upper continental crust. Considering that Th is an
incompatible element and Sc is typically compatible in magmatic systems, the Th/Sc
ratio is a useful indicator of igneous chemical differentiation for the Hoxbar sandstones
(McLennan and Taylor, 1991). In a similar manner, the Zr/Sc ratio is utilized to illustrate
the grade of reworking of clastic sedimentary formations (e.g. zircon enrichment) since
Zr is strongly concentrated in weather-resistant zircon and Sc is not enriched (McLennan
et al., 1993). Ratio values are shown in Tables 16 and 17. On the Th/Sc versus Zr/Sc
diagram presented in Figure 4.4.2.4, the Hoxbar sandstones from both the Firefly 13-2H
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and Mockingbird 28-1HR cores plot in a well-defined trend illustrating enrichment of
zircons (high Zr/Sc ratio; low Th/Sc ratio) resulting from progressive sedimentary sorting
and recycling.
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Figure 4.4.2.1 Rare earth element abundances normalized to chondritic meteorite values plotted against atomic number of
selected clay-rich core samples. The normalizing values are those of Boynton (1984).
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Figure 4.4.2.2 Trace element concentrations of selected clay-rich samples normalized to the composition of the primitive
mantle and plotted from right to left in order of increasing compatibility with the continental crust. The normalizing values are
those of McDonough et al. (1992).
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a)

b)

Figure 4.4.2.3 a) volcanic classification diagram Nb/Y versus (Zr/TiO2 * 0.0001)
(Winchester and Floyd, 1977). The samples suite from both cores predominantly plot
within the rhyodacite/dacite field; b) Zr/Nb volcanic affiliation diagram (Leat et al.,
1986).
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Figure 4.4.2.4 Plot of Th/Sc versus Zr/Sc for Hoxbar sandstones from the Firefly 13-2H
and Mockingbird 28-1HR cores. All samples are enriched in heavy minerals, notably
zircon, due to progressive sedimentary sorting and recycling, but samples taken from
Mockingbird 28-1HR are distinctly more enriched indicating more mature sediment
relative to the Firefly 13-2H sands (after McLennan et al., 1993).
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CHAPTER V
DISCUSSION
5.1 Petrology and Characterization of Hoxbar Sandstone
The parameters of most interest to petroleum geologists are the porosity and
permeability of potential reservoir intervals. These two important parameters are largely
controlled by not only sedimentological heterogeneities, but also by post-depositional
diagenesis. The question to be considered is – is there a causal relationship between
independent variables and dependent variables such as porosity and permeability. The
high variability in analyzed mineralogical assemblages governs fluid behavior and
porosity and permeability heterogeneities. Factors controlling reservoir quality vary on a
smaller scale than that of basin models. Thus, the collecting of variable data regarding
heterogeneities is a function of scale.
In the study of the cored materials, macroscopic heterogeneities were determined
and divided based on various sedimentary structures. Microscopic heterogeneities were
then determined at the scale of individual grains and pores by use of optical petrography,
QEMSCAN®, XRD, and SEM-EDS analyses to allow for the division of mineralogical
assemblages. QEMSCAN® allowed for a high-level determination of present mineral
phases, including minor heavy minerals that may not have been recognized or detected by
other analytical means (i.e. point counting). However, while QEMSCAN® was very
reliable in identifying detrital phases, it was less reliable with identification of clay-sized
pore-filling minerals. Therefore, the identification of pore-filling phases was achieved by
use of XRD and SEM-EDS. The petrographic results of each MA were compared to look
for any correlations.
5.1.1 Detrital Composition and Reservoir Characteristics
The two cores correspond primarily to very fine- to medium-grained subarkose
and quartzarenite. The proportions of detrital framework grains composed of quartz,
plagioclase, phyllosilicates (muscovite and chlorite), and heavy minerals are generally
constant among the mineralogical assemblages. They sandstone shows variable degrees
of mechanical and chemical compaction, particularly where early cement is lacking,
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having resulted in tighter packing. Mechanical compaction is evidenced by deformation
of ductile grains, primarily micas. Chemical compaction is evidenced by the occurrence
of convex-concave contacts between detrital quartz grains as well as embayments and
solution pits (Garzanti et al., 2013; Spencer et al., 2016). Firefly 13-2H FMA-4 (sample
FS-04), and Mockingbird 28-1HR MMA-5 (samples MS-01, MS-02, MS-03, MS-04,
MS-05) differ greatly in detrital mineral abundance compared to the other samples.
Samples from these MA are generally characterized by the presence of bioclastic material
that has been recrystallized and, therefore, are classified as limestone. Another outlying
sample is FS-09, which corresponds to FMA-2A of the Firefly 13-2H series. Sample FS09 is characterized by a lesser quartz content, elevated illite content, and has thus been
categorized as a mudstone. The last detrital constituent reported in both cores are
volcanic glass shards, characterized by their small size and chemical composition when
analyzed by SEM-EDS.
Primary porosity in the Hoxbar sandstone was not recognized. Due to the age and
depths of the sediments, preservation of significant original porosity was unlikely.
Secondary porosity was developed through the dissolution of authigenic cements, and
detrital framework grains or their replacement counterparts. Previous routine core
analyses performed by Weatherford Laboratories concluded the cored section of the
Firefly 13-2 sandstone to have 3D secondary porosity in a range of 2.1 to 8.3% with a
mean of 5.5% (± 1.6). The cored section of the Mockingbird 28-1HR sandstone was
determined to have secondary porosity varying from 1.7 to 9.2% with a mean average of
5.3% (± 1.6). Porosity determined by QEMSCAN® analysis is 2D and generally
underestimates the 3D porosity measured by Weatherford Laboratories. The average 2D
porosity in Firefly 13-2H samples analyzed by QEMSCAN® is 0.9% and in Mockingbird
28-1 H samples, the average is 2.8%.
The overall reservoir quality of the Hoxbar sandstone in this region of Caddo
County, Oklahoma is poor. The pervasive pore-filling clay phases and extensive siliceous
and calcareous cementation throughout the samples are detrimental to porosity and
permeability. Permeability, effective porosity, and water saturation are particularly
sensitive to the relative abundance of clays that occupy porous space as well as the
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speciation of these clays (Figure 5.1.1.1). For example, illite or mixed-layered illitesmectite are universally disadvantageous for sandstone quality due to migration of fines
and swelling, respectively, while grain-coating chlorite can result in anomalously high
porosity even in deeply buried sandstone (Ehrenberg et al., 1993). With higher porefilling clay content, the effective porosity may be significantly reduced due to clay bound
water (CBW). CBW corresponds to water within the clay lattice or near the surface
within the electrical double layer. This water does not move when fluid flows through the
rock. CBW is not part of the effective porosity and is the difference between total
porosity and effective porosity (Figure 5.1.1.1).

Figure 5.1.1.1 Schematic diagram of a shaly sand pore system relating mineralogy and
porosity assessment. With higher pore-filling clay content, the effective porosity may be
significantly reduced due to clay bound water (CBW).

5.1.2 Composition and Characteristics of Pore-filling Phases
The detailed optical studies performed in this study allowed the distinction
between detrital and authigenic clay minerals. Detrital clays are inherited from a source
different from the one in which they are found, while authigenic clays form in situ and
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usually occur by one, or a combination, of different processes (Velde, 1995). The
formation of diagenetic clay minerals in sand at near surface conditions (i.e. eogenetic
processes) and during burial (i.e. mesogenetic processes) is heavily influenced by
climatic conditions and detrital assemblage of the sandstone (Worden and Morad, 2003).
Pore-filling minerals were observed in all mineralogical assemblages, but in
varying amounts. They are primarily clay minerals, the abundance of which is often
influenced by the degree of bioturbation. The dominant pore-filling clays throughout both
cores are illite and illite-rich mixed-layered I-S, with lesser, but still distinct, amounts of
chlorite and mixed-layered C-S. The morphologies, size, and homogenous composition
of these clay phases suggest an authigenic origin. It was observed from both
QEMSCAN® and XRD analyses that a kaolin group mineral phase was present in the
majority of samples, but in order to more precisely constrain diagenetic evolution and
burial history of the sandstones, determination of which kaolin mineral was of
importance. It was determined that authigenic kaolinite was present based on the typical
booklet morphology and small size as observed by SEM (Welton, 1984). Kaolinite
abundance is higher in FMA-2 of Firefly 13-2H with a particularly high concentration in
sample FS-05, and in MMA-1 and MMA-3 of Mockingbird 28-1HR.
Pore-filling carbonates were also observed, primarily in samples from the Firefly
13-2H core. FMA-1, FMA-2B, FMA-3, and FMA-4 in the Firefly 13-2H series are
characterized by pervasive pore-filling calcareous cementation. In FMA-5 of the
Mockingbird 28-1HR series, spar calcite recrystallization and cementation are prominent.
Also in the series, MMA-2 and MMA-4 are characterized by calcareous cementation.
The final observed authigenic minerals are pyrite and iron carbonate (siderite).
Pyrite exhibits a framboidal morphology and is generally associated with the pore-filling
clays in MMA-1 of the Mockingbird 28-1HR series. Siderite is observed as both nodules
and cement. The occurrence of siderite does not appear to be dependent on MA. Nodules
are found in carbonate samples FS-04 and MS-01, and a siderite horizon is observed in
sample FS-08. It has been stated that the formation of siderite occurs when interstitial
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pore water is depleted with respect to free oxygen and dissolved sulfur (Zonneveld et al.,
2012). It is likely that the source of iron came from precursor smectite.
5.1.3 Diagenetic Alterations in the Hoxbar Group Sandstone
Diagenetic alterations that are common in the Missourian sandstone of both cores
include illitization, chloritization, albitization, and pervasive cementation by calcite,
quartz overgrowths, and to a lesser extent, dolomite and siderite.
Smectite precipitation
In low temperature sedimentary environments, either smectite precipitates directly
from porous fluids containing dissolved and unstable reactants including silica, or it
replaces detrital feldspars (Wilson and Pittman, 1977). Although Meunier (2005) points
out the latter is less probable due to the slow reaction rates of detrital silicates during
eogenesis. The observed mesh-like morphology of I-S suggests for a smectite direct
precipitation from solution (Figures 4.3.1c and f; Zanoni et al., 2016). A basic
environment, high in silica and alkali content, is favorable for the eogenetic formation of
smectite and is generally defined as mineralogically immature, which implies a partial
weathering of parent material and prevention of the loss of excess cations and silica
(McKinley et al., 2003). This results in the direct precipitation of energetically stable clay
species from the aqueous solution saturated in essential constituents.
Illitization of smectite
The typical pore-filling clay assemblage of the Hoxbar sandstone is characterized
by an abundance of authigenic I-S mixed-layered clay minerals, as observed by
QEMSCAN® and XRD analyses. The replacement of smectite commonly occurring
through I-S mixed layers is a well-known process is sandstone diagenesis (Moraes and
De Ros, 1992). Smectite transformation is a function of many controls, primarily
temperature; however, variables such as reservoir porosity and permeability, the
availability of K and Al in the pore water, as well as the starting composition of the
smectitic precursor are also influential (McKinley et al., 2003). The development of
diagenetic illite-rich I-S in the Missourian Hoxbar sandstone is the product of the
transformation of dioctahedral smectite precursor. The initial conversion of smectite into
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I-S commonly takes place at low temperatures (<90°C) and shallow depths where Al and
K are supplied by K-feldspar dissolution occurring in the primary stages of burial
(Dillinger et al., 2016 and references therein). Diagenetic illite continues to form during
progressive burial (i.e., mesogenesis) under elevated temperature and increased pH,
where continued albitization of K-feldspar results in more contribution of K to the pore
waters (Ehrenberg et al., 1993; Morad et al., 2000).
In clay-rich samples from both the Firefly 13-2H and Mockingbird 28-1HR cores,
it was estimated that the maximum percentage of illite in the mixed-layered I-S was
~75%. Estimates were based on the Kubler index of illite crystallinity in which the full
width at half-maximum intensity (FWHM) of the first peak of dioctahedral illite was
measured by XRD on the <2 µm size-fraction of air-dried clay samples. This suggests
that these sandstones may have been exposed to temperatures of ~150°C (Abad et al.,
2001). During logging of the two wells, Baker Hughes recorded the bottom-hole
temperature to be 76°C at 3.1 km (Mockingbird 28-1HR). This yields a geothermal
gradient of 24.5°C/km. Considering the youngest volcanic rocks and igneous intrusions
of the Anadarko Basin are middle Cambrian age (∼525–550 Ma), it is reasonable to
assume that the thermal state of the Anadarko Basin has not changed significantly since
late Paleozoic time (McConnell and Gilbert, 1990). This evidence leads one to conclude
that the sediment comprising the two cores potentially reached maximum burial depth at
about 6 km if temperatures had reached 150°C. However, due to the higher porosity and
permeability nature of sandstone, it is likely the actual maximum temperature
experienced by the Hoxbar sandstone in this region of Caddo County did not truly reach
these elevated temperatures since the reactivity of clay minerals with fluids is greater in
these conditions, leading to a premature conclusion. It is more likely that the illitization
of smectite continues through mesogenesis up to approximately 100-120°C. This yields
an ultimate burial depth in the range of approximately 4.0 to 4.5 km, more consistent with
regional geology.
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Kaolinite
Authigenic kaolinite is observed in all samples, with an average of 4.1% and 0.7%
in Firefly 13-2H and Mockingbird 28-1HR, respectively. It is most abundant in Firefly
13-2H FMA-2 and Mockingbird 28-1HR MMA-1 with averages of 4.7 and 0.9% within
each mineralogical assemblage, respectively.
Authigenic kaolinite generally occurs in continental sediments by the action of
low-pH groundwater on detrital feldspars, mica or rock fragments. Kaolinite is
commonly observed filling pores of remnant detrital K-feldspar grains, as well as filling
intergranular pore space in cored samples (Figure 4.3.1a and b). Such textural context is
indicative of the formation of kaolinite via reaction with ground water and feldspar
(Zanoni et al., 2016). This implies that secondary porosity was generated prior to
precipitation, and that pore-fluid pH was low. If we assume feldspar dissolution is the
source of Al, this observation must imply aqueous transport of Al considering kaolinite is
not only found in remnant detrital K-feldspar grains, but also occurs within intergranular
pore space. As pH rises following dissolution, kaolinite precipitates, and its solubility
decreases rapidly as neutral pH values are reached (Crossey and Larson, 1992).
The evolution of kaolin minerals in the matrix of sandstone proceeds with
increasing burial depth. The transformation of kaolinite into dickite has been reported at
approximately 120ºC (i.e. late diagenesis) in Triassic sandstones from the North Sea
(Ehrenberg et al., 1993). Similar temperature intervals have been deduced in PermoTriassic sandstones from the Beltic Cordillera (Cruz and Andreo, 1996) and in Tertiary
sandstones from the Campo de Gibraltar region (Cruz, 1994). The transformation from
kaolinite to dickite, as deduced from SEM examination, did not occur in the investigated
Missourian sandstone. The well-crystallized booklet morphology indicative of kaolinite
was observed opposed to the formation of short stacks and platy crystals indicative of
dickite (Figure 4.3.1a, b, d). This indicates that burial depth temperatures did not exceed
the approximately 120°C threshold where the transformation of kaolinite into dickite
occurs.
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Mixed-layered chlorite-smectite and tosudite
Other pore-filling clay minerals of the Hoxbar sandstone are chlorite, mixedlayered C-S, and tosudite (2:3 mixed-layered). Each of these minerals are the result of
different diagenetic processes and precursor minerals. The most common chloritic
mineral in the samples is mixed-layer C-S. This mixed-layered phase is the progressive
transformation of precursor trioctahedral smectite into chlorite in a similar process to the
illitization of smectite in which, with increased burial and temperature, ordering of the
mixed-layered mineral increases until high-grade mesogenetic chlorite is achieved. This
transformation begins during early mesogenesis.
Tosudite occurs as a diagenetic replacement chlorite that is observed to be
replacing micas and kaolinite (Figure 4.3.1d, f). As with the other mixed-layered phases,
the formation of tosudite during diagenetic transformation of the initial dioctahedral I-S
of the samples may take place by either solid-state transformation or by neoformation
from solution (Lindgreen et al., 2002). In dioctahedral I-S, the solid-state mechanism
results in formation of di-trioctahedral chlorite layers, i.e. the layers consisting of
dioctahedral 2:1 layers and trioctahedral brucite-like interlayers at low temperatures and
at low water/rock ratios. In the latter method, diagenesis is accompanied by dissolution of
I-S and neoformation of tosudite. These two processes likely take place simultaneouslyforming in reducing conditions under action by Mg-Fe-rich brines (Lindgreen et al.,
2002). Considering a likely higher water/rock ratio of the sandstone, the formation of
tosudite by neoformation is considered here. This assumption is further supported by
SEM-EDS analysis. In Figures 4.3.1d and 4.3.1f, tosudite is observed replacing
muscovite and kaolinite, respectively; pervasive events observed in both cores. These
events are likely related to higher temperatures of diagenesis considering that the range
where chlorite and corrensite (50:50 C-S) form in carbonate mudrocks is >120°C (Hillier,
1993). Based on the overall pore-filling clay mineral assemblage and an understanding of
the geothermal gradient experienced in this part of the basin, the chloritization of
preexisting micas, kaolinite, and I-S by tosudite must be a pervasive event that took place
after sediments had reached peak diagenesis. This event is likely related to the
percolation of a very hot Fe-rich brine. In Figure 4.3.1e, the propagation front of the Fe105
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rich brine is observed. However, the exact nature and composition of the hydrothermal
fluid is out of the scope of this study, but is a recommendation for potential future work
in which isotopic analysis of segregated tosudite may prove insightful.
Albitization
Albitization is the process of replacing detrital anorthite and K-feldspar with
nearly pure authigenic albite, and is a well-recognized diagenetic phenomenon in
sedimentary basins (Land and Milliken, 1981; Morad, 1986; Saigal et al., 1988; Baccar et
al., 1993). In the predominately subarkosic sandstone of the Hoxbar Group, albitization
alters the composition in a variety of reactions corresponding with different temperature
thresholds. High-resolution QEMSCAN® imaging allowed for the observation of detrital
K-feldspar grains, and when found, the cores of the grains were almost completely
replaced by albite (Figure 5.1.3.1).
Petrographic results, the minute concentrations of anorthite and K-feldspar, and
the abundance of albite in the analyzed samples indicate that albitization progressed
throughout the burial of the sandstone (Tables 4 and 5). During late eogenesis, authigenic
albite is first generated by the replacement of Ca-rich cores of anorthite at temperatures
between 60 and 100°C (Baccar et al., 1993). In this reaction, anorthite is replaced by
albite while kaolinite and calcite are precipitated. During mesogenesis, at approximately
90°C, albitization of K-feldspar begins, resulting in the formation of albite and K ions.
The K released through albitization of K-feldspar may also be used in the various
illitization processes, as suggested by Saigal et al. (1988). The stability field of Kfeldspar decreases as temperature increases towards those associated with late-stage
diagenesis, and at temperature greater than 125°C, complete albitization of K-feldspar
occurs (Aagaard et al., 1990). Complete albitization did not occur in the sandstone
samples, thus, it is deduced that temperatures in excess of 125°C were not encountered.
Furthermore, albitization of K-feldspar is an important factor when analyzing reservoir
quality. It directly contributes to the control of aqueous silica concentration, and thus,
secondary quartz cementation.
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Figure 5.1.3.1 QEMSCAN® image of Mockingbird 28-1HR samples MS-09
exemplifying prograde albitization of detrital plagioclase and K-feldspars (red circles).
Albite: light blue; K-feldspar: darker blue. In most samples, the albitization process is
practically complete, indicating burial temperatures greater than 100°C.

Cementation
Petrographic evidence and paragenetic relationships between calcite cements
suggest that cementation initiated at near-seafloor (eogenesis) locations by
microcrystalline calcite, and continued throughout mesogenesis. Microcrystalline calcite
occurring as fringes around bioclasts is typical of near-surface origin, and represents the
earliest stage of calcite cementation. Poikiolitic calcite fills large pores in samples
comprising loosely packed framework grains. Poikiolitic cement is therefore interpreted
to have precipitated prior to significant compaction and is interpreted to have formed
during near-surface eogenesis by meteoric waters. Meteoric water is considered the main
source of ions needed for calcite cementation in samples that lack of bioclasts and detrital
carbonate grains (Prosser et al., 1993; Morad, 1998). In samples containing bioclasts and
detrital carbonate grains, equant spar calcite is observed partially to completely filling
intergranular pores and moldic porosity. Precipitation of this cement occurred after a
period of dissolution that affected most skeletal grains.
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Siderite occurring as pore-filling cement is inferred to have precipitated at
shallow depths within the suboxic zone (Berner, 1981; Morad and Al-Aasm, 1997). The
occurrence of considerable amounts of siderite is attributed to a prolonged residence time
of marine sediments under suboxic conditions, which was enhanced by low
sedimentation rates (Berner, 1981; Raiswell, 1987; Mozley and Carothers, 1992; Chow et
al., 2000).
Quartz overgrowths, which occur as syntaxial overgrowths commonly near sites
of intergranular dissolution, are mainly mesogenetic in origin (McBride, 1989; Worden
and Morad, 2000; Morad et al., 2000). The distribution of quartz overgrowths in the
sandstone is apparently controlled by the spatial and temporal distribution of eogenetic
alterations, primarily illitization. During the process of illitization, Al/Si ratio of the clay
minerals increases; therefore, it is likely that illitization also leads to simultaneous quartz
growth (McKinley et al., 2003 and references therein). Smectite is rich in tetrahedral Si
and during the illitization reaction, not all the tetrahedral Si can be accommodated in the
octahedral position of the newly formed illite. Therefore, the tetrahedral Si not
accommodated is released in the form of quartz overgrowths. Additionally, in the
proposed reaction from Saigal et al. (1988) regarding albitization, the K released from the
albitization of detrital K-feldspar is used in the illitization of kaolinite. A product of this
reaction is excess silica that would form secondary quartz overgrowths.
5.1.4 Summary Model for Diagenetic Alterations in the Hoxbar Group
Sandstone
Authigenic clays form in situ and commonly occur by one, or a combination of,
three different processes: (i) neoformation (i.e., direct precipitation from pore fluids); (ii)
alteration of amorphous materials; and/or (iii) transformation of some precursor mineral
(common precursors are clay minerals themselves). Moreover, the formation of
diagenetic clay minerals in sands at near-surface conditions (i.e., eogenetic processes)
and during burial (i.e., mesogenetic processes) is strongly controlled by the detrital
composition of the sandstone and climatic conditions (Worden and Morad, 2003). A
generalized model for the distribution of diagenetic alterations in the Hoxbar Group
sandstone is outlined in Figure 5.1.4.1.
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The typical clay assemblages filling the pores in sandstone of the Missourian
Hoxbar Group in Caddo County, Oklahoma is characterized by a large majority of
authigenic illite and illite-rich I-S mixed-layer clay minerals, while lesser amounts of
authigenic interlayered chlorite-rich C-S are noted. Authigenic illite and I-S mixed phases
are genetically linked being formed from precursor dioctahedral smectite through the
illitization process that begins during early mesogenesis and progresses throughout more
advanced mesogenesis as temperatures increase. Likewise, chloritization proceeds
concurrently with illitization, following the same principles as illitization, only beginning
by the transformation of trioctahedral rather than dioctahedral smectite precursor. The
conversion of smectitic precursors into I-S and C-S commonly takes place at low
temperatures (<90°C) and shallow depths where Al and K are supplied by K-feldspar
dissolution occurring in the primary stages of burial (Dillinger et al., 2016). Kaolinite
likely is formed from eogenetic processes where low-pH groundwater alters detrital
feldspars, mica, and rock fragments. During mesogenesis, kaolinite may transform into
illite. The illitization of kaolinite may occur through a flux of K from external sources
such as the albitization of K-feldspar.
The most probable diagenetic sequence for sandstone of the Missourian Hoxbar
Group from this region of Caddo County, Oklahoma begins with the dissolution of
unstable smectite precursors and kaolinite. This leads to the approximately concurrent
formation of smectite-rich mixed-layered S-I and S-C. During late eogenesis, authigenic
albite begins to replace anorthite while authigenic kaolinite and calcite are precipitated.
Also occurring during this later stage of eogenesis is the precipitation of siderite cement
while burial depths were within the suboxic zone. During mesogenesis, albitization of Kfeldspar begins, resulting in the formation of albite, K ions, and aqueous silica. The K
released through albitization of K-feldspar is then used in the various illitization
processes while quartz overgrowths begin to form due to the concentration of aqueous
silica. Illitization and chloritization progress throughout mesogenesis, resulting in
increasingly more illite- and chlorite-rich mixed-layered I-S and C-S, respectively. The
formation of tosudite is considered a pervasive event likely resulting from the percolation
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of a hot Fe-rich brine; an event that occurred after the diagenetic sequence reached its
maximum burial temperature of approximately 100-120°C.

Figure 5.1.4.1 Overall paragenetic sequence of diagenetic alteration in the Missourian
Hoxbar Group sandstone of Caddo County, Oklahoma. The boundary between eogenesis
and mesogenesis is placed at 70°C according to Morad et al. (2000). Mixed-layer clay
minerals are named with the most abundant layer type listed first: S-I is mixed-layer
smectite–illite dominated by smectite; I-S is the same mineral mixture dominated by
illite. The same naming rules apply for interlayered smectite–chlorite (modified from
Worden and Morad, 2003). Illite is abbreviated I and chlorite is abbreviated C. Note that
the temperature scale is theoretical and can be influenced by many variables. The asterisk
associated with siderite precipitation and poikiolitic and spar calcite cementation
indicates local occurrences.
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CHAPTER VI
CONCLUSIONS
The analyses performed on the Missourian cored material from the northwest
region of Caddo County, Oklahoma, within the deep Anadarko Basin demonstrate the
poor reservoir quality of sandstones from the Hoxbar Group in this region. These findings
provide important clues to the parameters controlling the formation and distribution of
diagenetic alterations in these deposits including pore water chemistry related to changes
in detrital composition and residence time. Diagenetic alterations in the Hoxbar Group
sandstone include illitization, chloritization, and albitization, as well as eo- and
mesogenetic calcite and quartz cementation, and thus porosity destruction and formation
of reservoir compartmentalization.


Samples between the two cores do not show any significant trend of
porosity variation with depth. Preservation of significant original porosity
is negligible. Minor secondary porosity was developed through the
dissolution of authigenic cements, and detrital framework grains or their
replacement counterparts. The sandstones exhibit 3D porosity values of
1.7 to 9.2%. Smaller values are essentially due to higher clay content,
carbonate cementation, and poor sorting.



Detrital mineralogy and geochemistry of the two cores indicate similar
diagenetic processes occurred throughout this region of the Anadarko
Basin during Missourian time. Changes in mineralogical assemblages and
minor differences in pore-filling phases may be due to the nature of an
altering depositional environment.



The determination of the type, amount, and distribution of interstitial clays
and diagenetic transformations is a critical approach for the adequate
geological characterization of reservoirs. In this work, it has been
demonstrated that the pore-filling clays are authigenic and distributed
without discernable vertical variation throughout the cores, although the
deeper quartz-rich Mockingbird 28-1HR samples have been estimated to
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contain a slightly more ordered phase of I-S in which the smectitic
component was estimated at 15%.


The pore-filling phases are primarily derived from di- and trioctahedral
smectite precursors, the origin of which is likely erosion from older
mudstone/shale units as the abundance of rip-up clasts is prominent
thought the stratigraphic column. However, the presence of volcanic glass
as detected by SEM-EDS is another potential source of smectitic
precursor, albeit a minor source. The assessment of the type of pore-filling
clay content and their distribution can be used in the prediction of
reservoir quality and aid in future petroleum development of the region.



Compositional variation of mixed-layered clay minerals, albitization of Kfeldspar, and the presence of kaolinite over dickite have been applied to
constrain the thermal evolution of the sediments from the Hoxbar Group.
Based on the percentage of illite in I-S, the near-complete albitization of
K-feldspar, and kaolinite being the sole phase of the kaolin group present,
the maximum temperature exposed to these sediments during burial would
have been approximately 100-120°C at a depth of ~4.0 to 4.5 km.



Higher porosity promoted higher fluid/rock ratios and thus a higher influx
of dissolved Al and K, which strongly facilitated illitization.



Although the study of those two cores provides a robust examination on
the Hoxbar Group reservoirs characterization, the limited scope of the
study area cannot be considered as representative of the entire Anadarko
Basin. Therefore, in order to evaluate how representative these results
truly are, they should be compared to other available Hoxbar Group cores.



Future investigation on the origin of the Hoxbar Group sandstone should
look for intermediate source volcanism contemporaneous with the age of
the formation deposition.

The results of this study show that a conceptual model for the distribution of
diagenetic alterations can be constructed through use of the multifaceted approach used
herein, and thus help in the understanding of the temporal distribution of reservoir quality
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evolution and reservoir compartmentalization. In this sense, this study may serve as an
analogue for similar clastic deposits.
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APPENDIX A
CORE MATERIALS
Firefly 13-2H

Figure A.1 Firefly 13-2H core. Depths 9773’ to 9832’.
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Figure A.1 Continued Depths 9833’ to 9892’.
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Figure A.1 Continued Depths 9893’ to 9951’.
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Figure A.1 Continued Depths 9953’ to 9983’.
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Mockingbird 28-1HR

Figure A.2 Mockingbird 28-1HR core. Depths 10028’ to 10089’.
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Figure A.2 Continued Depths 10088’ to 10147’.
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Figure A.2 Continued Depths 10148’ to 10207’.
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Figure A.2 Continued Depths 10208’ to 10267’.
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Figure A.2 Continued Depths 10268’ to 10327’.
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Figure A.2 Continued Depths 10328’ to 10358’.
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APPENDIX B
QEMSCAN® DATA
Raw Data
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Images

Figure B.1 QEMSCAN® images for all Firefly 13-2H samples.
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Figure B.2 QEMSCAN® images for mockingbird 28-1HR samples.
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Figure B.2 Continued QEMSCAN® images for mockingbird 28-1HR samples.
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APPENDIX C
XRD DATA
Whole-rock Patterns
Firefly 13-2H

Figure C.1 Whole-rock XRD patterns of Firefly 13-2H samples.
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Figure C.1 Continued Whole-rock XRD patterns of Firefly 13-2H samples.
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Mockingbird 28-1HR

Figure C.2 Whole-rock XRD patterns of Mockingbird 28-1HR samples.
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Figure C.2 Continued Whole-rock XRD patterns of Mockingbird 28-1HR samples
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Figure C.2 Continued Whole-rock XRD patterns of Mockingbird 28-1HR samples
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Air-dried Clay Fraction Patterns
Firefly 13-2H

Figure C.3 Air-dried clay fraction XRD patterns of Firefly 13-2H samples.
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Figure C.3 Continued Air-dried clay fraction XRD patterns of Firefly 13-2H samples.
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Mockingbird 28-1HR

Figure C.4 Air-dried clay fraction XRD patterns of Mockingbird 28-1HR samples.
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Figure C.4 Continued Air-dried clay fraction XRD patterns of Mockingbird 28-1HR samples.
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Figure C.4 Continued Air-dried clay fraction XRD patterns of Mockingbird 28-1HR samples.
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Figure C.4 Continued Air-dried clay fraction XRD patterns of Mockingbird 28-1HR samples.
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Glycolation vs. Air-dried Patterns
Firefly 13-2H

Figure C.5 Comparison of ethylene-glycol solvated (blue) clay-fraction XRD patterns
with air-dried (red) clay-fraction XRD patterns for Firefly 13-2H samples.
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Mockingbird 28-1HR

Figure C.6 Comparison of ethylene-glycol solvated (blue) clay-fraction XRD patterns
with air-dried (red) clay-fraction XRD patterns for Mockingbird 28-1HR samples.
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Figure C.6 Continued Comparison of ethylene-glycol solvated (blue) clay-fraction XRD
patterns with air-dried (red) clay-fraction XRD patterns for Mockingbird 28-1HR
samples.
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